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CHAPTER VI

EXPERIMENTAL FLOW IN TWO-DIMENSIONAL CASCADES

By Seymour Lieblein

SUMMARY

Available experimental two-dimensional-cascade data for conventional
compressor blade sections are correlated. The two-dimensional cascade and
some of the principal aerodynamic factors involved in its operation are
first briefly described. Then the data are analyzed by examining the
variation of cascade performance at a reference incidence angle in the
region of minimum loss. Variations of reference incidence angle, total-
Pressure loss, and deviation angle with cascade geometry, Inlet Mach num-
ber, and Reynolds number are investigated.

From the analysis and the correlations of the available data, rules
and relations are evolved for the prediction of the magnitude of the ref-
erence total-pressure loss and the reference deviation and incidence angles
for conventional blade profiles. These relations are developed in simpli-
fied forms readily applicable to compressor design procedures.

INTRODUCTION

Because of the complexity and three-dimensional character of the flow
in multistage axial-flow compressors, various simplified approaches have
been adopted in the quest for accurate blade-design data. The prevailing
approach has been to treat the flow across individual compressor blade
sections as a two-dimensional flow. The use of two-dimensionally derived
flow characteristics in compressor design has generally been satisfactory
for conservative units (ch. III (ref. 1)).

In view of the limitations involved in the theoretical calculation of
the flow about two-dimensional blade sections (chs. IV and V (ref. 1)),
experimental investigations of two-dimensional cascades of blade sections
were adopted as the principal source of blade-design data. Early experi-
mental cascade results (e.g., refs. 2 to 4), however, were marked by a
sensltivity to individual tunnel design and operation. This was largely a
result of the failure to obtaln true two-diwmensional flow, Under these
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circumstances, the correlation of isolated data was very difficult. BSoume

efforts were made, however, to correlate limited experimental data for use
in compressor design (e.g., ref. 5). The British, in pasrticular, through

the efforts primarily of Carter and Howell, appear to have made effective

use of their early cascade investigations (refs. 6 to 9).

In recent years, the introduction of effective tunnel-wall boundary-
layer removal for the establishment of true two-dimensional flow gave a
substantial impetus to cascade analysis. 1In particular, the porous-wall
technique of boundary-layer removal developed by the NACA (ref. 10) was a
notable c¢ontribution. The use of effective tunnel boundary-layer control
has resulted in more consistent systematic test data (refs. 11 to 14) and
in more significant two-dimensional comparisons between theoretical and
experimental performance (refs. 15 to 17). With the availability of a
considerable amount of consistent data, it has become feasible to investi-
gate the existence of general relations among the varilous cascade flow
parameters., Such relations curtail the amount of future experimental
data needed and also result in more effective use of the data currently
available.

Inasmuch as the primary function of cascade information is to ald in
the design of compressors, the present chapter expresses the existing cas-
cade data in terms of parameters applicable to compressor design. Such
expression not only facilitates the design of moderate compressors but
also makes possible a rapid comparison of cascade data with data obtained
from advanced high-speed compressor configurations. Since the bulk of the
available cascade data has been obtained at low speed (Mach numbers of the
order of O.l), the question of applicability to such high-speed units is
very significant. It is necessary to determine which flow parameters can
or cannot be applied, to what extent the low-speed data are directly
usable, and whether corrections can be developed in those areas where the
low-speed data cannot be used directly.

In this chapter, the available cascade data obtained from a large
number of tunnels are reworked in terms of what are believed to be
significant parameters and, wherever possible, correlated in generalized
forms. The performance parameters considered in the correlation are the
outlet-air deviation angle and the cascade losses expressed in terms of
blade-wake momentum thickness. The correlations are based on the varia-
tions of the performance parameters with cascade geometry (blade profile
shape, solidity, chord angle) and inlet flow conditions. In view of the
difficulties involved in establishing correlations over the complete range
of operation of the cascade at various Mach number levels, the analysis
is restricted to an examination of cascade performance at a reference
incidence-angle location in the region of minimum loss.

The chapter is divided into four main sections: (1) a brief descrip-
tion of the two-dimensional cascade and of the parameters, concepts, and

3383



£8¢¢

¥o8q T-H0

NACA RM E56B03a 3

data involved in the analysis, (2) an analysis of the variation of the
reference incidence angle with cascade geometry and flow conditions,
(3) an analysis of the variation of total-pressure loss at the reference
incidence angle, and (4) an analysis of the variation of deviation angle
at the reference incidence angle.
SYMBOLS

The following symbols are used in this chapter:
A flow area
b exponent in deviation-angle relation
c chord length

D diffusion factor (based on over-all velocities)

Dy  local diffusion factor (based on local velocities)

d exponent in wake velocity-distribution relations
/ function
wake form factor, &%/o#

i incidence angle, angle between inlet-air direction and tangent to
blade mean camber line at leading edge, deg

incidence angle of uncambered blade section, deg

K compressibility correction factor in loss equation
] correction factor in incidence-angle relation
Kg correction factor in deviation-angle relation

M Mach number
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factors in deviation-angle relation

slope factor in incidence-angle relation
total or stagnation pressure

static or stream pressure

Reynolds number based on chord length

blade spacing

blade maximum thickness
air velocity

coordinate normal to axis
coordinate along axis

angle of attack, angle between inlet-air direction and blade
chord, deg

air angle, angle between air velocity and axial direction, deg

blade-chord angle, angle between blade chord and axial direction,
deg

wgke full thickness
wake displacement thickness

deviation angle, angle between outlet-air direction and tangent
to blade mean camber line at trailing edge, deg

deviation angle of uncambered blade section, deg

wake momentum-defect thickness
density
solidity, ratio of chord to spacing

blade camber angle, difference between angles of tangents to mean
camber line at leading and trailing edges, deg

c8ee
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el

total-pressure-loss coefficient
Subscripts:
av average

il.e. incompressible equation

inc incompressible

1 lower surface

max maximum

ref reference

sh blade shape

t blade maximum thickness
u upper surface

Z axial direction

6 tangential direction

0 free stream

1 station at cascade inlet
2 station at cascade exlt (measuring station)
10 10 percent thick

PRELIMINARY CONSIDERATIONS
Description of Cascade

A schematic diasgram of a low-speed two-dimensional-cascade tunnel is
shown in figure 1 to illustrate the general tunnel layout. The principal
components of the conventional tunnel are a blower, a diffuser section,

a large settling chamber with honeycomb and screens to remove any swirl
and to ensure a uniform velocity distribution, a contracting section to
accelerate the flow, the cascade test section, and some form of outlet-
alr guidance. The test section contalins a row or cascade of blades set
in a wounting device that can be altered to obtaln a range of alr inlet
angles (angle B1 in figs. 1 and 2). Variations in blade angle of attack
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are obtained either by rotating the blades on their individual mounting
axes (i.e., by varying the blade-chord angle yo) while maintaining

a fixed alr angle or by keeping the blade-chord angle fixed and varying
the air inlet angle by rotating the entire cascade. Outlet flow meas-

urements are obtained from a traverse along the cascade usually between
% to 1% chord lengths behind the blade trailing edge at the blade mid-
span. In the analysis, blade outlet refers to the cascade measuring

station.

In most cases, some form of wall boundary-layer control in the cas-
cade 1s provided by means of suction through slots or porous-wall sur-
faces. Examples of different tunnel designs or detailed information
concerning design, construction, and operation of the two-dimensional-
cascade tunnel can be obtained from references 10, 11, and 18 to 20.

Nomenclature and symbols designating cascade blade characteristics
are given in figure 2. As in isolated-airfoil Practice, cascade blade
shapes are normally evolved by adding a basic thickness distribution to
& mean camber line. The mean camber line (as indicated in fig. 2) rep-
resents the basic curvature of the profile. Some frequently used curva-
tures are the NACA (A;;) and related mean lines (refs. 11 and 13), the

circular-arc mean line (ref. §), and the parabolic-arc mean line (ref. 12).
Two popular basic thickness distributions are the NACA 65-series thickness
distribution (ref. 11) and the British C.4 thickness distribution (ref. 6).
A high-speed profile has also been obtalned from the construction of a
circular-arc upper and lower surface (ref. 21); this profile is referred
to as the double-circular-arc blade.

Performance Parameters

The performance of cascade blade sections has generally been pre-
sented as plots of the variation of air-turning angle, 1ift coefficient,
and flow losses against blade angle of attack (or incidence angle) for a
given cascade solidity and blade orientation. Blade orientation is ex-
pressed in terms of either fixed air inlet angle or fixed blade-chord
angle. Flow losses have been expressed in terms of coefficients of the
drag force and the defects in outlet total pressure or momentum. A recent
investigation (ref. 22) demonstrates the significance of presenting cas-

__cade losses in terms of the thickness and form characteristics of the
blade wakes.

In this analysis, the cascade loss parameters considered are the wake
momentum-thickness ratio 9*/0 (ref. 22) and the total-pressure-loss coef-
ficient w,, defined as the ratio of the average loss in total pressure

across the blade to the inlet dynamic head. Cascade losses are considered
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in terms of 51, since this parameter can be convenlently used for the

determination of compressor blade-row efficiency and entropy gradients.
The parameter 9*/c represents the basic wake development of the blade
profile and, as such, cqnstitutes a significant parameter for correlation
purposes. Values of @O /c were computed from the cascade loss datas ac-
cording to methods similar to those presented in reference 22. The
diffusion factor D of reference 23 was used as s measure of the blade
loading in the region of minimum loss.

In the present analysis, i1t was necessary to use a uniform nomencla-
ture and consistent correlation technique for the various blade shapes
considered. It was believed that this could best be accomplished by
considering the approach characteristics of the blade in terms of air in-
cidence angle 1, the camber characteristics in terms of the camber angle
¢, and the air-turning characteristics in terms of the deviation angle &°
(fig. 2). As indicated in figure 2, these angles are based on the tan-
gents to the blade mean camber line at the leading and trailing edges.
The use of the deviation angle, rather than the turning angle, as a meas-
ure of the air outlet direction has the advantage, for correlation pur-
poses, of a generally small variation with incidence angle. Air-turning
angle 1s related to the camber, incidence, and deviation angles by

M=o¢+1i-8° (1)

Incidence angle is considered positive when it tends to increase the air-
turning angle, and deviation angle is considered positive when it tends
to decrease the air-turning angle (fig. 2).

The use of incidence and deviation angles requires a unique and rea-
sonable definition of the blade mean-line angle at the leading and trailing
edges, which may not be possible for some blade shapes. The principal
difficulty in this respect is in the 65-(A),)-series blades (ref. 11),

whose mean-line slope is theoretically infinite at the leading and trailing
edges. However, it is still possible to render these sections usable in

the analysls by arbitrarily establishing an equivalent circular-arc mean
camber line. As shown In figure 3, the equivalent circular-arc mean line
1s obtained by drawing a circular arc through the leading- and trailing-
edge points and the point of maximum camber at the midchord position.
Equivalent incidence, deviation, and camber angles can then be established
from the equivalent circular-arc mean line as indicated in the figure.

The relation between equivalent camber angle and isclated-airfoil 1ift
coefficient of the NACA 65-(A10)-series mean line is shown in figure 4,

A typical plot of the cascade performance parameters used in the
analysis is shown in figure 5 for a conventional blade section at fixed
solidity and air inlet angle.
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Data Selection

In selecting data sources for use in the cascade performance corre-
lations, it is necessary to consider the degree cf two-dimensionality
obtained in the tunnel and the magnitude of the test Reynolds number and
turbulence level.

Two-dimensionality. - As indicated previously, test results for a
given cascade geometry obtained from different tunnels may vary because
of a failure to achieve true two-dimensional flow across the cascade.
Distortions of the true two-dimensional flow are caused by the tunnel-wall
boundary-layer growth and by nonuniform inlet and outlet flow distribu-
tions (refs. 10 and 18). In modern cascade practice, good flow two-
dimensionality is obtained by the use of wall-boundary-layer control or
large tunnel size in conjunction with a large number of blades, or both.
Examples of cascade tunnels with good two-dimensionality are given by
references 11 and .19.

The lack of good two-dimensionality in cascade testing affects pri-
marily the air-turning angles and blade surface pressure distributions.
Therefore, deviation-angle data were rejected when the two-dimensionality

of the tunnel appeared questionable (usually the older and smaller tunnels).

Practically all the cascade loss data were usable, however, since varia-
tions in the measured loss obtained from a given cascade geometry in dif-
ferent tunnels will generally be consistent with the measured diffusion
levels (unless the blade span is less than about 1 or 2 inches and there
is no extensive boundary-layer removal ).

Reynolds number and turbulence. - For the same conditions of two-
dimensionality and test-section Mach number, test results obtained from
cascades of the same geometry may vary because of large differences in the
magnitude of the blade-chord Reynolds number and the free-stream turbu-
lence. Examples of the effect of Reynolds number and turbulence on the
losses obtained from a given blade section at fixed incidence angle are
presented in figure 6. Similar pronounced effects are observed on the
deviation angle. As discussed in chapter V (ref. l), the loss variation
with Reynolds number is associated primarily with & local or couplete
separation of the laminar boundary layer on the blade surfaces. The data
used in the correlation are restricted to values of blade-chord Reynolds

number from about 2.0x10° to 2.5x105 in order to minimize the effects of
different Reynolds numbers. Free-stréam turbulence level was not gen-
erally determined in the various cascade tunnels.

In some cases (refs. 11 and 24, e.g.), in tunnels with low turbulence
levels, marked local laminar-separation effects were cbserved in the range
of Reynolds number selected for the correlation. Illustrative plots of
the variation of total-pressure-loss coefficient with angle of attack for
a cascade with local laminar separation are shown in figure 7. In such
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Instances, it was necessary to estimate the probable variation of loss
(and deviation angle) in the absence of the local separation (as indicated
in the figure) and use values obtained from the faired curves for the
correlations.

The specific sources of data used in the analysis are indicated by
the references listed for the various performance correlations. Details
of the tunnel construction and operation and other rertinent information
are given in the individual references.

Approach

In a correlation of two-dimensional-cascade data that is intended
ultimately for use in compressor blade-element design, the variations of
performance parameters should be established over a wide range of incldence
angles. Experience shows (fig. 8) that the variation of loss with inci-
dence angle for a given blade section changes markedly as the inlet Mach
number i1s increased. Consequently, correlated low-speed blade performance
at high and low incidence angles is not applicable at high Mach numbers,
The low-speed-cascade performance is therefore considered at some refer-
ence point on the general loss~against-incidence~angle curve that exhibits
the least variation in location and in magnitude of performance parameters
as Mach number is increased.

The reference location herein is selected as the point of minimum
loss on the curve of total-pressure loss against incidence angle. For
conventional low-speed-cascade sections, the region of low-loss operation
is generally flat, and it is difficult to establish Precisely the value
of incidence angle that corresponds to the minimum loss. For practical
purposes, therefore, since the curves of loss coefficient against incidence
angle are generally symmetrical, the reference minimum-loss location was
established at the middle of the low-loss range of operation. Specifi-
cally, as shown in figure 9, the reference location is selected as the
incldence angle at the midpoint of the range, where range is defined as
the change in incidence angle corresponding to a rise in loss coefficient
equal to the minimum value. Thus, for conventional cascade sections, the
midrange reference location is considered coincident with the point of
minimum loss. In addition to meeting the abovementioned requirement of
small variation with inlet Mach number, the reference minimum-loss inci-
dence angle (as compared with the optimum or nominal incidence settings
of ref. 25 or the design incidence setting of ref. 11) requires the use of
only the loss variation and also permits the use of the diffusion factor
(applicable in region of minimum loss) as a measure of the blade loading.

At this point, it should be kept in mind that the reference minimum-
loss incldence angle is not necessarily to be considered as a recommended
design point for compressor application. The selection of the best
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incidence angle for a particular blade element in a multistage-compressor
design is a function of many considerations, such as the location of the
blade row, the design Mach number, and the type and application of the
design. 1In general, there is no one universal definition of design or
best incidence angle. The cascade reference location 1s established
primarily for purposes of analysis.

Of the many blade shapes currently in use in compressor design prac-
tice (i.e., NACA 65-series, C-serles circular arc, parabolic arc, double
circular arc), data sufficient to permit a reasonably complete and signifi-
cant correlation have been published only for the 65-(A10)-series blades of

reference 11. Therefore, a basic correlation of the 65-(A10)-series data

had to be established first and the results used as a guide or foundation
for determining the corresponding performance trends for the other blade
shapes for which only limited data exist.

Since the ultimate objective of cascade tests is to provide informa-
tion for designing compressors, it is desirable, of course, that the
structure of the data correlations represent the compressor situation as
closely as possible. Actually, a blade element in & compressor represents
a blade section of fixed geometry (i.e., fixed profile form, solidity, and
chord angle) with varying inlet-air angle. In two-dimensional-cascade
practice, however, variations in incidence angle have been obtained by
varying either the inlet-air angle or the blade-chord angle. The available
systematic data for the NACA 65-(A;n)-series blades (ref. 11) have been ob-

tained under conditions of fixed inlet-air angle and varying blade-chord
angle. Since these data form the foundation of the analysis, it was nec-
essary to establish the cascade performance correlations on the basis of
fixed inlet-air angle. Examination of limited unpublished low-speed data
indicate that, as illustrated in figure 10, the loss curve for constant
air inlet angle generally falls somewhat to the right of the constant-
chord-angle curve for fixed values of Bl and YO in the low-loss regilon

of the curve. Values of minimum-loss incidence angle for fixed Bl op-

eration are indicated to be of the order of 19 or 20 greater than for
fixed y© operation. An approximate allowance for this difference is
made in the use of reference-incidence-angle data from these two methods.

With the definition of reference incidence angle, performance parame-
ters, and analytical approach established, the procedure is first to de-
termine how the value of the reference minimum-loss incidence angle varies
with cascade geometry and flow conditions for the available blade profiles.
Then the variation of the performance parameters is determined at the
reference location (as indicated in fig. 5) as geometry and flow are
changed. Thus, the various factors involved can be appraised, and corre-
lation curves and charts can be established for the gvailable data. The
analysis and correlation of cascade reference-point characteristics are
presented in the following sections.

{
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INCIDENCE-ANGLE ANALYSIS
Preliminary Analysis

In an effort to obtain a general empirical rule for the location of
the reference minimum-loss incidence angle, it is first necessary to ex-
amine the principal influencing factors.

It is generally recognized that the low-loss region of incidence
angle is identified with the absence of large veloclty peaks (and subse-
quent decelerations) on either blade surface. For Infinitely thin sec-
tions, steep velocity gradients are avoided when the front stagnation
point 1s located at the leading edge. This condition has frequently been
referred to as the condition of "impact-free entry." Weinig (ref. 26)
used the criterion of stagnation-point location to establish the varia-
tion of "impact-free-entry" incidence angle for infinitely thin circular-
arc sections from potential-flow theory. Results deduced from reference
26 are presented in figure 11(a). The minimum-loss incidence angle is
negative for infinitely thin blades and decreases lirearly with camber for
fixed solidity and blade-chord angle.

While there 1s no definite corresponding incidence-angle theory for
thick-nose blades with rounded leading edges, some equivalent results have
been obtained based on the criterion that the location of the stagnation
point in the leading-edge region of a thick blade is the controlling fac-
tor in the determination of the surface velocity distributions. Carter,
in reference 9, showed semitheoretically on this basis that optimum in-
cidence angle (angle at maximum 1ift-drag ratio) for a conventional 10-
Percent-thick circular-arc blade decreases with increasing camber angle.
The results of reference 9 were followed by generslized plots of optimum
incidence angle in reference 25, which showed, as in figure 11(a), that
optimum incidence angle for a 10-percent-thick C-series blade varies with
camber angle, solidity, and blade orientation. (In these references,
blade orientation was expressed in terms of air outlet angle rather than
blade-chord angle.) The plot for an outlet-air angle of 20° is shown in
figure 11(b). Apparently, the greater the blade circulation, the lower
in magnitude the minimum-loss incidence angle must be. It is reasonable
to expect, therefore, that the trends of variation of minimum-loss in-
cidence angle for conventional blade sections will be similar to those
established by thin-airfoil theory.

A preliminary examination of experimental cascade data showed that
the minimum-loss incidence angles of uncambered sections (¢ = 0) of con-
ventional thicknesses were not zero, as indicated by theory for infinitely
thin blades (fig. 11(a)), but always positive in value, The appearance
of positive values of incidence angle for thick blades is attributed to
the existence of velocity distributions at zero incidence angle that are
not symmetrical on the two surfaces. Typical plots illustrating the high
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velocities generally observed in the inlet region of the lower (pressure)
surface of thick uncambered blades at zero incidence angle are shown in
figure 12. Apparently, an increase in incidence angle from the zero value
is necessary in order to reduce the lower-surface velocity to a more
equitable distribution that results in a minimum of the over-all loss.
This zero-camber thickness effect will appear only for blade-chord angles
between O° and 90°P, since, as indicated by the highly simplified one-
dimensional model of the blade passage flow in figure 13, the velocity
distributions at these 1limit angles are symmetrical.

The effect of blade thickness blockage on "impact-free-entry" inci-
dence angle for straight (uncambered) blades of constant chordwise thick-
ness in incompressible two-dimensional flow is investigated in reference
27. The results of reference 27 are plotted in terms of the parameters
used in this analysis in figure 14. It is reasonable to expect that
similar trends of variations of zero-camber reference minimum-loss ineci-
dence angle will be obtained for compressor blade profiles.

On the basis of the preceding analysis, therefore, it is expected
that, for low-speed-cascade flow, reference minimum-loss incidence angle
will generally be positive at zero camber and decrease with increasing
camber, depending on solidity and blade-chord angle. The available theory
also indicates that the variation of reference incidence angle with camber
at fixed solidity and chord angle might be essentlally linear. I1f so, the
variations could be expressed 1n terms of slope and intercept values,
where the intercept value represents the magnitude of the incidence angle
for the uncambered section (function of blade thickness, solidity, and
blade-chord angle). Reference minimum-loss incidence angle may also vary
with inlet Mach number and possibly with Reynolds number.

Data Correlations

Form of correlation. - Although preliminary theory indicates that
blade-chord angle is the significant blade orientation parameter, it was
necessary to establish the data correlations in terms of inlet-air angle,
as mentioned previously. The observed cascade data were found to be rep-
resented satisfactorily by a linear variation of reference incidence angle
with camber angle for fixed solidity and inlet-air angle. The variation
of reference minimum-loss incidence angle can then be described in equa-
tion form as

1=1, + ne (2)

where i, 1is the incidence angle for zero camber, and n 1is the slope
of the incidence-angle variation with camber (1 - io)/w.
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Since the existence of a finite blade thickness is apparently the
cause of the positive values of i,, it 1is reasonable to assume that both

the magnitude of the maximum thickness and the thickness distribution
contribute to the effect. Therefore, since the 10-percent-thick 65-series
blades of reference 1l are to be used as the basis for a generalized cor-
relation of all conventional blade shapes, it is proposed that the zero-
camber reference incidence angle be expressed in the form

io = (Ki)gn(Xi) ¢ (ig)10 ; (3)

where (i,)1g represents the variation of zero-camber incidence angle for
the 10-percent-thick 65-series thickness distribution, (Ki)t represents

any correction necessary for maximum blade thicknesses other than 10 per-
cent, and (K;)g, represents any correction necessary for a blade shape

wlth a thickness distribution different from that of the 65-series blades.
(For a 10-percent-thick 65-series blade, (Ki)y =1 and (K)o = 1.)

The problem, therefore, is reduced to finding the values of n and
i, (through eq. (3)) as functions of the pertinent variables involved for

the various blade profiles considered.

NACA 65-(Alo)~series blades. - From the extensive low-speed-cascade
data for the 65-(Ajg)-series blades (ref, 11), when expressed in terms of

equivalent incidence and camber angles (figs. 3 and 4), plots of 1, and

n can be deduced that adequately represented the minimum-loss-incidence-
angle variations of the data. The deduced values of i, and n as func-

tions of solidity and inlet-air angle are given for these blades in fig-
ures 15 and 16. The subscript 10 in figure 15 indicates that the i,

values are for 10-percent maximum-thickness ratio. Values of intercept
i, and slope n were obtained by fitting a straight line to each data

plot of reference incidence angle against camber angle for a fixed so-
lidity and air inlet angle. The straight lines were selected so that
both a satisfactory representation of the variation of the data points
and a consistent variation of the resulting n and i, values were
obtained.

The deduced rule values and the observed data points compared in fig-
ure 17 indicate the effectiveness of the deduced representation. In sev-
eral configurations, particularly for low cambers, the range of equivalent
incidence angle covered in the tests was insufficlent to permit an accurate
determination of a minimum-loss value. Some of the scatter of the data
may be due to the effects of local laminar separation in altering the
range characteristics of the sections.
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Although the cascade data in reference 11 include values of inlet-
air angle from 30° to 70° and values of solidity from 0.5 to 1.5, the
deduced variations in figures 15 and 16 are extrapolated to cover wider
ranges of Bl and o¢. The extrapolation of io to zero at Bl =0 1is

obvious. According to theory (fig. 11), the value of the slope term does
not vanish at By = 0. In figure 16, therefore, an arbitrary fairing of

the curves down to nonzero values of n was adopted as indicated. Ac-
tually, it 1s not particularly critical to determine the exact value of
the slope term at By = O necessary to locate the reference incidence

angle precisely, since, for such cases (inlet guide vanes and turbine
nozzles), a wide low-loss range of operation is usually obtained. The
so0lidity extrapolations were attempted because of the uniform variations
of the data with solidity. However, caution should be exercised in any
further extrapolation of the deduced variations.

C-Series circular-arc blades. - The various thickness distributions
.used in combination with the circular-arc mean line have been designated
c.1, C.2, C.3, and so forth (refs. 25, 28, and 29). 1In general, the
various C-serles thickness distributions are fairly similar, and have
their maximum thickness located at between 30 and 4C percent of the chord
length. The 65-series and two of the more popular C-serles thickness dis-
tributions (C.1 and C.4) are compared on an exaggerated scale in figure
18. (The 65-series profile shown 1s usually thickened near the trailing
edge in actual blade construction.)

In view of the somewhat greater thickness blockage in the forward
portions of the C-series blades (fig. 18), it may be that the minimum-loss
incidence angles for zero camber for the C-series blades are somewhat
greater than those for the 65-series profiles; that is, (Ki)gn > 1. In

the absence of any definitive cascade data, the value of (Ki)sh for the

C-series profiles was arbitrarily taken to be 1.1. Observed minimum-loss
incidence angles for an uncambered 10-percent-thick C.4 profile (obtained
from ref. 30) are compared in figure 19 with values predicted from the

deduced (i,)1p values for the 65-series blade (fig. 15 and eq. (3)) with

an assumed value of (Ki)sh = 1.1. (For 10-percent thickness, (Ki)t =1)

In view of the similarity between the 65-(Alo)-series mean line and

a true circular arc (fig. 3), the applicability of the slope values in
figure 16 to the circular-arc mean line was investigated. For the recent
cascade data obtained from tunnels having good boundary-layer control
(refs. 15 and 31), a check calculation for the 10-percent-thick C.4
circular-arc blades using figures 15 and 16 with (Ki)sh = 1.1 revealed

good results. For the three configurations in reference 31 tested at
constant By (¢ = 30°), the agreement between observed and predicted

3383



£8Lee

NACA RM ES6B03a 15

minimum-loss incidence angles was within 1°. For the one configuration in
reference 15 tested at constant v° (¢ = 31°), the predicted value of
minimum-loss incidence angle was 1.7° greater than the observed value,
However, in view of the general 1° to 2° difference between fixed B,

and fixed y° operation (fig. lO), such a discrepancy is to be expected.

On the basis of these limited data, it appears that the low-speed minimum-
loss incidence angles for the C-series circular-arc blade can be obtalned

from the i, and n values of the 65-series blade with (Ki)sh = 1.1,

Double-circular-arc blades. - The double-circular-arc blade is com-
Posed of circular-arc upper and lower surfaces. The arc for each surface
1s drawn between the point of maximum thickness at midchord snd the tan-
gent to the circles of the leading- and trailing-edge radii. The chord-
wise thickness distribution for the double-circular-arc profile with 1-
percent leading- and trailing-edge radius is shown in figure 18. lack of
cascade data again prevents an accurate determination of a reference-
incidence-angle rule for the double circular arc. Since the double-
circular-arc blade is thinner than the 65-series blade in the inlet region,
the zero-camber incidence angles for the double-circular-arc blade should
be somewhat different from those of the 65-series section, with perhaps
(Ki)srlﬁ l. It can also be assumed, as before, that the slope-term values
of figure 16 are valid for the double-circular-arc blade. From an examina-
tion of the available cascade data for the double-circular-arc blade
(p = 259, o = 1.333, ref. 21; and ¢ = 409, ¢ = 1.064, ref. 28), it ap-
pears that the use of figures 15 and 16 with a value of (Ki)sh = 0.7 in

equations (2) and (3) results in a satisfactory comparison between pre-
dicted and observed values of reference incidence angle.

Other blades. - Similar procedures can be applied to establish ref-
erence incidence-angle correlations for other blade shapes. Cascade data
are also availlable for the C-series parabolic-arc blades (refs. 12, 21,
30, 32, and 33) and the NACA 65- (Ajp)-series blade (ref. 13); but, in view
of the limited use of these forms in current practice, no attempt was made
at this time to deduce corresponding incidence-angle rules for these
blades.

Effect of blade maximum thickness. - As indicated previously, some
correction (expressed here in terms of (Ki)t, ea. (3)) of the base values

of (io)lo obtained from the 10-percent-thick 65-series blades in figure

15 should exist for other values of blade maximum-thickness ratio. Ac-
cording to the theory of the zero-camber effect, (Ki)t should be zero for

zero thickness and increase as maximum blade thickness is increased, with
a value of 1.0 for a thickness ratio of 0.10. Although the very limited
low-speed data obtained from blades of variable thickness ratio (refs. 34
and 35) were not completely definitive, it was possible to establish =
preliminary thickness-correction factor for reference zero-camber incidence
angle as indicated in figure 20 for use in conjunction with equation (3).
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Effect of inlet Mach number. - The previous correlations of reference
minimum- loss incidence angle have all been based on low-speed-cascade
data. It appears from limited high-speed data, however, that minimum-loss
incidence angle will vary with increasing inlet Mach number for certaln
‘blade shapes.

The variations of minimum-loss incidence angle with inlet Mach number
are plotted for several blade shapes in figures 21 and 22. The extension
of the test data points to lower values of inlet Mach number could not
generally be made because of reduced Reynolds numbers or insufficient
points to establish the reference location at the lower Mach numbers. In
some instances, however, it was possible to obtain low-speed values of in-
cidence angle from other sources.

The blades of figure 21 show essentially no varlation of minimum-loss
incidence angle with inlet Mach number, at least up to a Mach number of
sbout 0.8. The blades of figure 22, however, evidence a marked increase
in incidence angle with Mach number. The difference in the variation of
minimum-loss incidence angle with Mach number in figures 21 and 22 is as-
soclated with the different way the general pattern of the loss variation
changes with increasing Mach number for the two types of blades. For the
thick-nose blades, as illustrated in figures 8(a) and (b), the loss coef-
ficient increases with Mach number at both the high and low incidence
angles; thus tending to maintain the same point of minimum loss. For the
sharp-nose blade, as illustrated by figures 8(c) and (d), the increase in
loss occurs primarily on the low-incidence-angle side; and a positive
shifting of the minimum-loss incidence angle results. Data for other
thick-nose sections in reference 33 show the rise in loss to occur at both
ends of the curve, but plots of reference incidence angle against Mach num-
ber could not validly be made for these blades because of evidence of
strong local laminar-separation effects.

Since the most obvious difference between the blades in figures 21
and 22 is the construction of the leading-edge region, the data suggest
that blades with thick-nose inlet regions tend to show, for the range
of inlet Mach number covered, essentially no Mach number effect on minimum-
loss incidence angle, while blades with sharp leading edges will have a
significant Mach number effect. The available data, however, are too
limited to conclusively confirm this observation at this time. Further-
more, for the blades that do show a Mach number effect, the magnitude of
the variation of reference incidence angle with Mach number is not cur-
rently predictable.

Summary

The analysis of blade-section reference minimum-loss incidence angle
shows that the variation of the reference incidence angle with cascade
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geometry at low speed can be established satisfactorily in terms of an
intercept value i, and a slope value n as given by equation (2). De-

duced values of io and n were obtained as a function of Bl and o

from the data for the 10-percent-thick 65-(A,)-series blades of reference

1l as equivalent circular-arc sections (figs. 15 and 16). It was then
shown that, as a first approach, the deduced values of (io)lo and n in

figures 15 and 16 could also be used to predict the reference incidence
angles of the C-series and double-circular-arc blades by means of a cor-
rection (Kj)gn to the (iy)1p values of figure 15 (eq. (3)).

The procedure involved 1n estimating the low-speed reference minimum-
loss incidence angle of a blade section is as follows: From known values
of By and o, (io)lo and n are selected from figures 15 and 16. The

value of (Kj)t for the blade maximum-thickness ratio is obtained from

figure 20, and the appropriate value of (Ki)sh is selected for the type
of thickness distribution. For NACA 65-series blades, (K{)gp = 1.0; and

1t is proposed that (Kj)gn be taken as 1.1 for the C-series circular-arc

blade and as 0.7 for the double-circular-arc blade. The value of i, 1is
then computed from equation (3); and, finally, 1 1s determined from the
blade camber angle according to equation (2).

It should be noted that the values of (Ki)sn given for the circular-
arc blades are rather tenuous values obtained from very limited data. The
use of the proposed values is not critical for good accuracy; the values
were included primarily for completeness as a reflection of the antici-
Pated differences in the blade thickness blockage effects. Further ex-
perimental data will be necessary to establish the significance of such
a correction. Also, a marked increase in reference minimum-loss incidence
angle with Mach number is to be expected for sharp-nose blade sections.
The magnitude of the Mach number correction for these blades is currently
unpredictable.

LOSS ANALYSIS

With the location of the low-speed reference minimum-loss incidence
angle established for several conventional blade sections, the magnitude
of the losses occurring at this reference position (fig. 5) will now
be investigated. Accordingly, the nature of the loss phenomena and
the various factors influencing the magnitude of the loss over a range of
blade configurations and flow conditions are first analyzed. The available
experimental loss data are then examined to establish fundamental loss
correlations in terms indicated by the analysis.
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Preliminary Analysils

Two-dimensional-cascade losses arise primarily from the growth of
boundary layer on the suction and pressure surfaces of the blades. These
surface boundary layers come together at the blade tralling edge, where
they combine to form the blade wake, as shown in figure 23. As a result
of the formation of the surface boundary layers, a local defect in total
pressure is created, and a certain mass-averaged loss in total pressure 1is
determined in the wake of the section. The loss in total pressure is
measured in terms of the total-pressure-loss coefficient w, defined gen-
erally as the ratio of the mass-averaged loss in total pressure AP across
the blade row from inlet to outlet stations to some reference free-stream

dynamic pressure (Py - Pglyers OF

- AP
Pref = (PO - pO)ref (4)

For incompressible flow, Py - Pg is equal to the conventional free-stream
dynamic pressure pOV%/Z. The total-pressure-loss coefficient 1s usually

determined from consideration of the total-pressure varlation across a
blade spacing s (fig. 23).

A theoretical analysis of incompressible two-dimensional-cascade
losses in reference 22 shows that the total-pressure-loss coefficient at
the cascade-outlet measuring station (where the static pressure 1s essen-
tially uniform across the blade spacing) is given by

p N
2Ho
~ (9*) o cos Bq 2< 3Hy - 1 >
wy = c Jp cos By \cos By i& (9*) oHig 3 (5)
" "\t 2 COS B2
N J

where 51 is the loss coefficient based &n inlet dynamic head, ¥/c 1is

the ratio of wake momentum thickness to blade-chord length, ¢ is cascade
solidity, Bs is the air outlet angle, and Hp is the wake form factor

(displacement thickness divided by momentum thickness). The wake char-
acteristics in equation (5) are expressed in terms of conventional thick-
ness in a plane normal to the wake (i.e., normal to the outlet flow) at
the measuring station. Definitions of wake characteristics and varilations
in velocity and pressure assumed by the analysis are given 1n reference
22. The analysis further indicates that the collection of terms within
the braces 1s essentially secondary (since Hp 1is generally < about

1.2 at the measuring station), with a magnitude of nearly 1 for conven-
tional unstalled configurations. The principal determinants of the loss
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in total pressure at the cascade measuring station are, therefore, the
cascade geometry factors of solidity, air outlet and air inlet angles, and
the aerodynamic factor of wake momentum-thickness ratio.

Since the wake 1s formed from a coalescing of the pressure- and
suctlion-surface boundary layers, the wake momentum thickness naturally
depends on the development of the blade surface boundary layers and also
on the magnitude of the blade trailing-edge thickness. The results of
references 22, 34, and 36 indicate, however, that the contribution of con-
ventional blade tralling-edge thickness to the total loss 1s not generally
large for compressor sections; the preliminary factor in the wake develop-
ment is the blade surface boundary-layer growth. In general, it 1s known
(ch. V (ref. 1), e.g.) that the boundary-layer growth on the surfaces of
the blade 1s a function primarily of the following factors: (1) the sur-
face veloclty gradients (in both subsonic and supersonic flow), (2) the
blade-chord Reynolds number, and (3) the free-stream turbulence level.

Experience has shown that blade surface velocity distributions that
result in large amounts of diffusion in velocity tend to produce relatively
thick blade boundary layers. The magnitude of the velocity diffusion in
low-speed flow generally depends on the geometry of the blade section and
its incldence angle. As Mach number is increased, however, compressibility
exerts a further influence on the velocity diffusion of a given cascade
geometry and orientation. If local supersonic velocities develop at high
inlet Mach numbers, the velocity diffusion is altered by the formation of
shock waves and the interaction of these shock waves with the blade surface
boundary layers. The losses associated with local supersonic flow in a
cascade are generally greater than for subsonic flow in the same cascade.
The increases in loss are frequently referred to as shock losses.

Cascade-inlet Mach number also influences the magnitude of the sub-
sonic diffusion for a fixed cascade. This Mach number effect is the con-
ventional effect of compressibility on the blade velocity distributions
in subsonic flow. Compressibility causes the maximum local velocity on
the blade surface to increase at a faster rate than the inlet and outlet
velocities. Accordingly, the magnitude of the surface diffusion from
maximum velocity to outlet velocity becomes greater as inlet Mach number
is increased. A further secondary influence of Mach number on losses is
obtained because of an increase in losses associated with the eventual
mixing of the wake with the surrounding free-stream flow (ref. 37).

On the basis of the foregoing considerations, therefore, it is ex-
pected that the principal factors upon which to base empirical cascade-
wake-thickness correlations should be velocity diffusion, inlet Mach
number, blade-chord Reynolds number, and, if possible, turbulence level.
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Data Correlations

Velocity diffusion based on local velocities. - Recently, several
investigations have been reported in references 22, 23, and 38 on the
establishment of simplified diffusion parameters and the correlation of
cascade losses in terms of these parameters. The general hypothesis of
these diffusion correlations states that the wake thickness, and conse-
quently the magnitude of the loss in total pressure, is proportional to
the diffusion in velocity on the suction surface of the blade in the re-
gion of the minimum loss. This hypothesis is based on the consideration
that the boundary layer on the suction surface of conventional compressor
blade sections contributes the major share of the wake in these regions,
and therefore the suction-surface velocity distribution becomes the gov-
erning factor in the determination of the loss. It was further established
in these correlations that, for conventional velocity distributions, the
diffusion in velocity can be expressed significantly as a parameter I1n-
volving the difference between some function of the measured maximum
suction-surface velocity V., and the outlet velocity V.
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Reference 38 presents an analysis of blade-loading limits for the
65-(A10)10 blade section in terms of drag coefficient and a diffusion

2 23 [y2
parameter given for incompressible flow by (Vmax - VZ)/Vﬁax' Results of

an unpublished analysis of cascade losses in terms of the momentum thick-
ness of the blade wake (as suggested in ref. 22) indicate that a local
diffusion parameter in the form given previously or in the form

(Vmax - V'z)/Vmax can satisfactorily correlate experimental cascade loss

data. The term "local diffusion parameter" is used to indicate that a
knowledge of the maximum local surface velocity is required. The corre-
lation obtalned between calculated wake momentum-thickness ratio 6%/c
and local diffusion factor given by

V.
max
D'L =

v
max

_V2

()

obtained for the NACA 65-(A)y)-series cascade sections of reference 1l at

reference incidence angle is shown in figure 24. Values of wake momentum-
thickness ratio for these data were computed from the reported wake coef-
ficient values according to methods similar to those discussed in refer-

ence 22. Unfortunately, blade surface velocity-distribution data are not
available for the determination of the diffusion factor for other conven-

tional blade shapes.

The correlation of figure 24 indicates the general validity of the
basic diffusion hypothesis. At high values of diffusion (greater than
about 0.5), a separation of the suction-surface boundary layer 1is
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suggested by the rapid rise in the momentum thickness. The indicated
nonzero value of momentum thickness at zero diffusion represents the basic
friction loss (surface shear stress) of the flow and also, to a smaller
extent, the effect of the finite trailing-edge thickness. The correlation
of figure 24 further indicates that wake momentum~thickness ratio at ref-
erence incidence angle can be estimated from the computed local diffusion
factor for a wide range of solidities, cambers, and inlet-air angles,

The loss relations of equation (5) and reference 22 can then be used to
compute the resulting loss in the total pressure,

Velocity diffusion based on over-all velocities. - In order to in-

‘clude the cases of blade shapes for which velocity-distribution data are

not available, a diffusion parameter has been established in reference 23
that does not require a specific knowledge of the peak local suction-
surface velocity. Although originally derived for use in compressor
design and analysis, the diffusion factor of reference 23 can also be
applied in the analysis of cascade losses. The diffusion factor of ref-
erence 23 attempts, through several simplifying approximations, to express
the local diffusion on the blade suction surface in terms of over-all
(inlet or outlet) velocities or angles, quantities that are readily de-
termined. The basis for the development of the over-all diffusion factor
is presented in detail in reference 23 and is indicated briefly in figure
25. The diffusion factor is given by

v oV
2 8
D=1{1-=)+ 577 (7)
( Vl) Zon
which, for incompressible two-dimensional-cascade flow, becomes

cos B cos B
D = (1 - 1) +— L (tan gy - tan 8,) (8)

cos Bo

As in the case of the local diffusion factor, the diffusion factor of
equation (8) is restricted to the region of minimum loss.

Cascade total-pressure losses at reference minimum-loss incidence
angle are presented in reference 23 as a function of diffusion factor
for the blades of reference 11. In a further unpublished analysis, a
composite plot of the variation of computed wake momentum-thickness ratio
with D factor at reference minimum-loss incidence angle was obtained
from the available systematic cascade data (refs. 11, 12, and 30) as
shown in figure 26, Blade maximum thickness was 10 percent in all cases,
A separation of the suction-surface boundary layer at high blade loading
is indicated by the increased rise in the wake momentum thickness for
values of diffusion factor greater than sbout 0.6.
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For situations in which the determination of a wake momentum-
thickness ratio cannot be made, a significant loss analysis may be ob-
tained if a simplified total-pressure-loss parameter is used that closely
approximates the wake thickness. Since the terms within the braces of
equation (5) are generally secondary factors, a loss parameter of the

— cos Bs fcos B
form | 20 cos By

sion of the basic loss across a blade element than the loss coefficient
alone, The effectiveness of the substitute loss parameter

— cos Bo fcos Bo
® % cos B
illustrated in figure 27(a) for all the data for the NACA 65- (A1) -series

blades of reference 1ll. (Total-pressure-loss coefficients were computed

for the data from relations given in ref. 23.) A generalized correlation
— COS

can also be obtained in terms of ——EEEE, as shown in figure 27(b),

but 1ts effectiveness as a separation indicator does not appear to be as

good, ©Such generalized loss parameters are most effective if the wake

form does not vary appreciasbly among the various data consildered.

2
) should constitute a more fundamental expres-

2
) in correlating two-dimensional-cascade losses is

Effect of blade maximum thickness. - Since an increase in blade
maximum-thickness ratio increases the magnitude of the surface velocities
(and therefore the diffusion), higher values of wake momentum-thickness
ratio would be expected for thicker blades. From an snalysis of limited
avallable data on varying blade meximum-thickness ratio (refs. 34 and 35),
1t appears that the effect of blade thickness on wake momentum-thickness
ratio 1s not large for conventional cascade configurations. For example,
for an increase in blade maximum-thickness ratio from 0.05 to 0.10, an
increase in 9*/c of about 0.003 at D of about 0.55 and an increase of
about 0.002 at D of about 0.35 are indicated. The greater increase in
wake 6%/c at the higher diffusion level is understandable, since the
rate of change of 9*/c with D; 1increases with increasing diffusion

(see fig. 24).

If blade surface velocity distributions can be determined, then the
thickness effect will automatically be included in the evalustion of the
resulting local diffusion factor. When an over-all diffusion factor
such as equation (7) is used, variations in blade thickness are not re-
flected 1n the corresponding loss prediction., However, in view of the
small observed effect and the scatter of the original 9*/0 against D
correlation of figure 26, it is believed that a thickness correction is
unwarranted for conventional thickness ranges. However, the analysis
does indicate that, for high diffusion and high solidity levels, it may
be adviseble to maintain blade thickness as small as practicable in order
to obtain the lowest loss at the reference conditionm.

3383



£8%%

NACA RM ES6B03a 23

Thus, the plots of figures 24, 26, and 27 show that, when diffusion
factor and wake momentum-thickness ratio (or total-pressure-loss parameter)
are used as the basic blade-loading and loss parameters, respectively, a
generalized correlation of two-dimensional-cascade loss data is obtained.
Although several assumptions and restrictions are involved in the use and
calculation of these parameters, the basic diffusion approach constitutes
a useful tool in cascade loss analysis. In particular, the diffusion
analysis should be investigated over the complete range of incidence an-
gle in an effort to determine generalized off-design loss information.

Effect of Reynolds number and turbulence. - The effect of blade-chord
Reynolds number and turbulence level on the measured losses of cascade
sections is discussed in the section on Data Selection, in chapter V
(ref. 1), and in references 11, 15, 39, In all cases, the data reveal
an increasing trend of loss coefficilent with decreasing Reynolds number
and turbulence. Examples of the variation of the total-pressure-loss
coefficient with incidence angle for conventional cowpressor blade
sections at two different values of Reynolds number are illustrated in
figure 28. Loss variations with Reynolds number over a range of incidence
angles for a given blade shape are shown in figure 29. A composite plot
of the variation of total-pressure-loss coefficient at minimum loss with
blade-chord Reynolds number for a large number of blade shapes is shown
in figure 30. Identification date for the various blades included in the
figure are given in the references. For the blades whose loss data are
reported in terms of drag coefficient, conversion to total-pressure-loss
coefficlient was accomplished according to the cascade relations presented
in reference 23. The effect of change in tunnel turbulence level through
the introduction of screens is indicated for some of the blades.

It is apparent from the curves in figure 30 that it is currently
Impossible to establish any one value of limiting Reynolds number that
will hold for all blade shapes. (The term limiting Reynolds number refers
to the value of Reynolds number at which a large rise in loss is obtained.)
On the basis of the available cascade data presented in figure 30, how-
ever, it appears that serious trouble in the minimum-loss region may be
encountered at Reynolds numbers below about 2.5x10°. Carter in reference
9 places the limiting blade-chord Reynolds number based on outlet ve-

locity at 1.5 to 2.0x10°. Considering that outlet Reynolds number is less
than inlet Reynolds number for decelerating cascades, this quoted value is
in effective agreement with the value of 1limiting Reynolds number deduced
herein.

The desirability of conducting cascade investigations iIn the essen-
tially flat range of the curve of loss coefficient against Reynolds number
in order to enhance the correlation of data from various tunnels, as well
as from the various configurations of a given tunnel, is indicated. Cas-
cade operation in the flat range of Reynolds number may also yield a more
significant comparison between observed and theoretically computed loss.
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Reynolds number and turbulence level should always be defined in cascade
investigations. Furthermore, the development of some effective Reynolds
number %ch. V (ref. 1)) which attempts to combine the effects of both
blade-chord Reynolds number and turbulence should be considered for use
as the independent variable.

Effect of inlet Mach number. - In the previous correlations, atten-
tion was centered on the various factors affecting the loss of cascade
blades for essentially incompressible or low Mach number flow. Tests of
cascade sections at higher Mach number levels have been relatively few,
primarily because of the large power requirements and operational diffi-
culties of high-velocity tunnels. As a consequence, it has not been
possible to establish any empirical correlations that will permit the
estimation of Mach number effects for conventional blade sections. The
limited available data indicate, however, that a marked rise in loss is
eventually obtained as Mach number is increased.

A typical example of the variation of total-pressure-loss coefficient
with inlet Mach number for a conventional cascade section at fixed inci-
dence angle in the region of minimum loss is presented in figure 31(a).
The inlet Mach number at which the sharp rise in loss occurs 1s referred
to as the limiting Mach number. The variation of the wake profile down-
stream of the blade as Mach number is increased is shown in figure 31(b)
to illustrate the general deterioration of the suction-surface flow. The
flow deterioration is the result of a separation of the suction-surface
boundary layer induced by shock-wave and boundary-layer interactions.

In view of the complex nature of the shock-wave development and its
interaction effects, the estimation of the variation of minimum total-
pressure loss with inlet Mach number for a given blade is currently im-
possible. At the moment, this pursuit must be primarily an experimental
one. Schlieren photographs showing the formation of shocks in a cascade
are presented in references 40 to 42, and detailed discussions of shock
formations and high-speed performance of two-dimensional-cascade sections
are treated in references 40 and 42 to 45. Cascade experience (refs. 21
and 40) and theory (refs. 42, 45, and 46) indicate that a location of the
point of maximum thickness at about the S0-percent-chord position and a
thinning of the blade leading and trailing edges are favorable for good
high Mach number performance. The avoidance of a throat area within the
blade passage is also indicated in order to minimize the effects of flow
choking. Discussions of the choking problem are presented in references
35 and 44, and blade throat areas are given for several blade shapes in
references 13 and 47 to 49. The effects of camber distribution on high
Mach number performance are discussed extensively in the literature
(refs. 13, 32, and 33), Results indicate that, for the range of blade
shapes and Mach numbers normally covered, camber distribution does not
have a large effect on maximum Mach number performance as obtained in
the two-dimensional cascade.
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Surmary

From the foregoing correlations and considerations, the low-speed
loss in total pressure of conventional two-dimensional-cascade sections
can readily be estimated. If blade surface velocity distributions are
available, the suction-surface local diffusion factor D; 1s determined
according to equation (6) and a value of 6%/c 1is then selected from fig-
ure 24. In the absence of blade surface velocity data, the diffusion
factor D 1is computed from over-all conditions by means of equation (7)
and O%/c 1s selected from figure 26. With 6%/c determined, the
total-pressure-loss coefficient is computed according to equation (5) from
the cascade geometry and a pertinent value of wake form factor K.

According to reference 22, for cascade measuring stations located
more than about 1/2 chord length downstream of the blade trailing edge,
the value of H will generally be less than about 1.2. For practical
purposes, it was indicated that a constant value of H of about 1.1 can
be used over a wide range of cascade configurations and incidence angles
% to l% chord lengths behind the
trailing edge. Loss coefficients based on inlet dynamic head can then be
determined, if desired, from equation (8). The estimation of losses based
on the diffusion factor D can, for example, produce a value of solidity
that results in the least computed loss coefficient for a given velocity
diagram.

for measuring stations located between

The accuracy of the results obtained from the prediction procedure
outlined is subject to the limitations and approximations involved in the
diffusion analysis and wake momentum-thickness correlations. Strictly
speaking, the procedure gives essentially a band of probable loss values

% to l% chord lengths downstream

of the blade trailing edge for the reference incidence-angle setting and
Reynolds numbers of about 2.SX105 and greater at low speed (up to about
0.3 inlet Mach number). It should also be noted at this point that the
loss values obtained in this manner represent the low-speed profile loss
of the cascade section. Such loss values are not generally representative
of the losses of the section in a compressor blade row or in a high-speed
cascade.

at the cascade measuring station about

A corresponding loss-estimation technique for high Mach number flow
is currently unavailable because of the unknown magnitude of the com-
pressibility effect on the wake momentum-thickness ratio of a glven cas-
cade geometry. Furthermore, both the wake form factor H and the rela-
tion between 6%/c and ® (given for incompressible flow by eq. (5)) vary
with Mach number. For example, if the velocity variation in each leg of
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the wake is assumed to vary according to the power relation

- () ©

where & is the thickness of the wake and d 1s some constant. then
variations of H and 6% and of the relation between 6%/c and w with
outlet free-stream Mach number can be established analytically to illus-
trate the nature of the compressibility effects.

Curves of the variation of the ratios of compressible to incompressi-
ble form factor H/Hinc and momentum thickness 6*/9fhc with outlet Mach

number for various d values obtained from numerical integration of the
wake parameters involved are shown in figures 32 and 33. Recently, the
increasing trend of H with M, was substantiated experimentally at the

NACA Lewis laboratory in an investigation of the wake characteristic of

a turbine nozzle (unpublished data). Curves of the ratio of the integrated
value of @ obtained from a given value of 6*/c in a compressible flow
to the value of ® computed from the same value of 6*/c according to the
incompressible relation of equation (5) are shown in figure 34. It should
be noted that for compressible flow the denominator in the loss-coefficient
definition (eq. (4)) is now given by P - p.

In summary, therefore, an accurate prediction of the variation of
reference total-pressure loss with inlet Mach number for a given cascade
blade is currently impossible. At the moment, this pursuit is primarily
an experimental one. Families of curves of wake momentum thickness and
form factor against diffusion factor are required (with appropriate
definitions for subsonic, or supersonic flow) as in figure 24 or 26 for a
wide range of inlet Mach number. Analytically, a simple compressible re-
lation is needed between 6¥/c and © as a function of Mach number.

DEVIATION-ANGLE ANALYSIS

Preliminary Analysis

The correct determination of the outlet flow direction of a cascade
blade element presents a problem, because the air is not discharged at
the angle of the blade mean line at the trailing edge, but at some angle
8° to it (fig. 2). Inasmuch as the flow deviation is an expression of the
guldance capacity of the passage formed by adjacent blades, it 1is expected
that the cascade geometry (camber, thickness, solidity, and chord angle)
will be the principal influencing factor i1nvolved.
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From cascade potential-flow theory (ref. 26, e.g.), it is found that
the deviation angle increases with blade camber and chord angle and de-
creases with solidity. Weinig in reference 26 shows that the deviation
angle varies linearly with camber for a given value of solidity and chord
angle for infinitesimally thin blades at zero incidence. Furthermore,
with deviation angle equal to zero at zero camber angle in this theory,
it is possible to express the deviation angle as a ratio of the camber
angle. Values of the ratio of deviation angle to camber angle for an
infinitely thin circular-arc blade of small camber deduced from the
theory of reference 26 are presented in figure 35 for a range of solid-
ities and chord angles. The values in figure 35 are for the incidence
angle for "impact-free entry" previously mentioned, which corresponds
essentially to the condition of minimum loss.

The results of figure 35 show that, for a blade of zero thickness,
the minimum-loss deviation angle is zero at zero camber angle. Analysis
indicates, however, that this is not the case for blades of conventional
thicknesses. A recent theoretical demonstration of the existence of a
positive value of zero-camber deviation angle according to potential-flow
calculations is given by Schlichting in reference 16. The computed varia-
tion of zero-camber deviation angle for a conventional 10-percent-thick
profile at zero incidence angle as obtained in the reference is shown in
figure 36.

It will be recalled from the discussion of the zero-camber minimum-
loss incidence angle that, for the conventional staggered cascade
(0o < yo < 900) with flnite blade thickness set at zero incidence angle,
8 greater magnitude of velocity occurs on the blade lower (concave) sur-
face than on the upper (convex) surface (fig. 12). Such velocity dis-
tributions result in a negative blade circulation and, consequently (as
indicated by the solid vectors in fig. 37), in a positive deviation
angle. Furthermore, since the deviation angle increases slightly with
increasing incidence angle (d&o/di is positive in potential cascade
flow), positive values of deviation angle will likewise be obtained at
the condition of minimum-loss incidence angle (as illustrated by the
dashed vectors in fig. 37). Since the zero-camber deviation angle arises
from essentially a thickness blockage effect, the characteristics of the
variation of minimum-loss zero-canmber deviation angle with cascade geome-
try would be expected to roughly parallel the variation of the mininum-
loss zero-camber incidence angle in figure 15. The low-speed reference-
deviation-angle correlations may, therefore, involve intercept values as
in the case of the reference-incidence-angle correlations.

In addition to the cascade-geometry factors mentioned, the low-speed
deviation angles can also be affected by Reynolds number, turbulence, and
Mach number. The thickened surface boundary layers resulting from low
levels of Reynolds number and turbulence tend to increase the deviation
angle. Varilations in inlet Mach number can affect the deviation angle of
a fixed two-dimensional-cascade geometry because of the associated changes
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in blade circulation, boundary-layer development, and outlet to inlet
axial velocity ratio (compressibility effect on pVZ).

Data Correlations

Form of correlation. - Examlnation of deviation-angle data at refer-
ence incldence angle reveals that the observed data can be satisfactorily
represented by a linear varlation of reference deviation angle with camber
angle for fixed solidity and air inlet angle. The variation of reference
deviation angle can then be expressed in equation form as

8° = b9 + mo (10)

where 68 is the reference deviation angle for zero camber, m 1is the
slope of the deviation-angle variation with camber (60 - 68)/0, and ¢
is the camber angle. As in the case of the analogous terms in the
reference-incidence-angle relation (eq. (2)), 83 and m are functions
of inlet-air angle and solidity.

The influence of solidity on the magnitude of the slope term m
could also be directly included as a functional relation in equation (10),
so that equation (10) could be expressed as

O
60 - 60 _ mo—:l (ll)
% i

where my_; represents the value of m (i.e., (8° - 88)/¢) at a solidity

of 1, b 1is the solidity exponent (variable with air inlet angle), and
the other terms are as before. It will be noted that equation (11) is
similar in form to the frequently used deviation-angle rule for circular-
arc blades originally established by Constant in reference 4 and later
modified by Carter in reference 46. Carter's rule for the condition of
nominal incidence angle 1s given by

= == (12)

in which m. is a function of blade-chord angle. Values of m. deter-
mined from theoretical considerations for circular-arc and parabolic-arc
“mean lines (ref. 46) are shown in figure 38. In the ensuing correlations,
both forms of the deviation-angle relation (egs. (10) and (11)) are used,
since each has a particular advantage. Equation (10), with m plotted
as a function of Py and o0, is easier to use for prediction, especially

if the calculation of a required camber angle is involved. Equation (11)
may be better for extrapolation and for comparison with Carter's rule.
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As in the case for the zero-camber reference minimum-loss incidence
angle, the zero-camber deviation angle can be represented as a function
of blade thickness as

8 = (K)o, (Kg) £ (83) 1 (13)

where (58)10 represents the basic variation for the 10-percent-thick
65-series thickness distribution, (KS)sh represents any correction nec-

essary for a blade shape with a thickness distribution different from
that of the 65-series blade, and (Kb)t represents any correction neces-

sary for maximum blade thicknesses other than 10 percent. (For a
10-percent-thick 65-series blade, (Kﬁ)t and (Kﬁ)sh are equal to 1.) The

problem, therefore, is reduced to finding the values of m, b, and 88

(through eq. (13)) as functions of the pertinent varisbles involved for
the various blade shapes considered.

NACA 65—(A10)-seriés blades. - From an examination of the plots of

equivalent deviation angle against equivalent camber angle at reference
minimum-loss incidence angle obtained from the cascade data, values of

zero-camber deviation angle can be determined by extrapolation. The de-
duced plots of zero-camber deviation angle (83);y and slope term m as

functions of solidity and air inlet angle are presented in figures 39 and
40 for these blades. The subscript 10 indicates that the 88 values
are for lO-percent maximum-thickness ratio. Values of the intercept term

68 and the slope term m were obtained by fitting a straight line to

each data plot of reference equivalent deviation angle against equivalent

camber angle for a fixed solidity and ailr inlet angle. The straight lines
were selected so that both a satisfactory representation of the variation

of the data points and a consistent variation for the resulting 68 and

m values were obtalned. The extrapolation of the values of m to
Bp = O was guided by the data for the 65-(12A5)10 blade at solidities

of 1 and 1.5 reported in the cascade guide-vane investigation of refer-
ence 50 (for an aspect ratio of 1, as in ref. 11).

For the deviation-angle rule as given by equation (11), deduced values
of o1 and exponent b as functions of inlet-air angle are presented

in figures 41 and 42. The deduced rule values (eq. (10) or (11)) and the
observed data points are compared in figure 43 to indicate the effective-
ness of the deduced representations. The flagged symbols in the high-
camber range in the figure represent blade configurations for which
boundary-layer separation is indicated (D greater than about 0.62). In
view of the higher loss levels for this condition, an increase in the
magnitude of the deviation angle is to be expected compared with the
values extrapolated from the smaller cambers for which a lower loss level
existed.
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C-Series circular-arc blades. - In view of the absence of systematic
cascade data for the C-series circular-arc blade, an accurate determina-
tion of the rule constants cannot be made for this blade shape. However,
a preliminary relation can be deduced on the basis of limited data. It
appears that, for the uncambered C.4 section (refs. 12 and 30), if a value
of (Kg)gn equal to 1.1 (as for the determination of i,) is used, a sat-

isfactory comparison between predicted and observed 68 values is
obtained.

The characteristic number m;_7 1n the deviation-angle design rule

of equation (11) for a given blade mean line corresponds to the value of
(8° - 88)/@ at a solidity of unity. Cascade data for a C.4 circular-arc

profile obtained from tunnels with good boundary-layer control are pre-
sented in references 15 and 31 for a solidity of 1.0 for By = 309, 42.59,

459, and 60°. Values of (8° - 8°2)/¢p were computed for these blades
’ o

according to the 68 variations of figure 39. A value of my_; for
Bl = 0° was obtained from the performance data of a free-stream circular-

arc inlet guide vane presented in reference 51. These values of m are
plotted in figure 44 against inlet-air angle, and the proposed variation
of mgy-y for the circular-arc mean line is shown by the solid line.

In the absence of data covering a range of solidities, it was assumed
that the solidity exponent b 1in the deviation-angle rule of equation
(11) is independent of the profile shape and will -therefore also be ap-
plicable for the circular-arc mean line. This assumption agrees with
limited experimental data. The variation of ratio of deviation angle to
camber angle obtained from constant-thickness circular-arc guide-vane
sections of reference 52 (88 = 0° for guide vanes) over a wide range

of solidities is shown in figure 45, A computed variation based on values
of b and m; 1 obtained from figures 42 and 44, respectively, is shown

in the figure by the solid line. A satisfactory agreement with these
circular-arc data is thus demonstrated for the value of b obtained from
the 65-series data. On the basis of these results, deduced curves of m
against B, Tfor a range of solidities (for use in conjunction with eqg.

(10)) were computed for the C-series circular-arc blade as indicated in
figure 46.

Double-circular-arc blades. - Although limited data are available for
the double-circular-arc blade (refs. 21 and 28), it was felt that these
data could not be reliably utilized in the construction of a deviation-
angle rule because of the questionable two-dimensionality of the respec-
tive test tunnels. However, since the C-series and the double-circular-
arc blades differ only in thickness distribution, it is reasonable to
expect that, as in the case of the reference-incidence-angle correlations,
only the zero-camber deviation angles will be materially affected.
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Therefore, the slope-term value m deduced for the C-series circular-arc
blade (fig. 46) might also be used for the double-circular-arc blade, but

the 88 values may be different. An arbitrarily selected value of 0.7
for (Kg)g, in equation (13) (as for the reference-incidence-angle deter-
mination) is suggested for the double-circular-arc blade.

Comparison of rules. - In view of the widespread use of Carter's
rule (eq. (12)) with fig. 38) for predicting the deviation angle of
circular-arc-mean-line blades, some results obtained from the use of
Carter's rule were compared with the deduced rule of equation (11) with
figures 39, 42, and 44. The principal difference between the two rules
occurs in the blade orientation parameter used for the m variation and
in the 68 and b variations. The value of the solidity exponent of

1/2 in equation (12) was originally obtained from limited data. Carter,
in a later work, (ref. 9) proposes a variable solidity exponent and in-
dicates values close to 1 for accelerating cascades and close to 1/2 for
decelerating cascades. The variation of b obtained from the NACA
65-(Alo)-series blades as equivalent circular arcs in figure 42 essen-

tially confirms this trend. Actually, the deviation-angle rule in the
form of equation (11) constitutes a modification of Carter's rule.

In addition to the basic differences between the rules in the magni-
tudes of the m, b, and 68 values, it is noted that Carter's rule was

originally developed for the condition of nominal incidence angle, whereas
the modified rule pertains to the reference minimum-loss incidence angle.
However, since Carter's rule has frequently been used over a wide range
of reference angle in its application, both rules were evaluated, for
simplicity, for the reference minimum-loss incidence angle.

An 1llustrative comparison of predicted reference deviation angle as
obtained from Carter's rule and the modified rule for a 10-percent-thick,
thick-nosed circular-arc blade is shown by the calculated results in fig-
ure 47 for ranges of camber angle, solidity, and inlet-air angle. Devia-
tlon angles in figure 47 were restricted to cascade configurations pro-
ducing values of diffusion factor less than 0.6. Blade-chord angle for
Carter's rule was computed from the equation

TO =By - 1- % (14)

Reference incidence angle was determined from equations (2) and (3) and
figures 15 and 16.

The plots of figure 47 show that, in practically all cases, the
deviation angles given by the modified rule are somewhat greater in mag-
nitude than those predicted by Carter's rule for the 10-percent-thick
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blade. This is particularly true for the high inlet-alr angles. Thus,
greater camber angles are required for a given turning angle according
to the modified rule. Differences are even less for the double-circular-
arc blade, as indicated in figure 48, since the 89 values are smaller

for these blades. HoWever, it should be kept in mind that the magnitude
of the factors in the modified rule are proposed values based on limited
data. Further research is required to establish the modified rule on a
firmer foundation.

Fffect of blade maximum thickness. - Available data on the variation
of reference deviation angle with blade maximum-thickness ratio obtained
from cascade investigations of the 65-(12Alo) blade of reference 34 are

shown in figure 49. The solid symbols representing the values of devia-
tion angle at zero thickness were determined by subtracting the values
of (8%);p obtained from figure 39 from the measured value of deviation

angle at 10-percent maximum thickness obtained from the data in figure
49. A very reasonable varilation with thickness ratio, as indicated by
the faired curves, is thus obtained for all three configurations. The
increasing slope of the deviation-angle variation with increasing thick-
ness ratio is believed due to some extent to the accompanying increase in
wake losses.

Preliminary values of a correction factor for maximum-thickness ratio
(Kg)y deduced from the data of figure 49 are shown in figure 50. In the

absence of further data, it is proposed that this correction curve 1s also
applicable to other conventional blade shapes.

Effect of Reynolds number. - In view of the large rise in loss as
blade-chord Reynolds number is reduced (fig. 30), a corresponding rise
in deviation angle (or decrease in turning angle) is to be expected.
Experimental confirmation of the marked effect of Reynolds nunber on blade
deviation angle at fixed incidence angle is illustrated in figure 51 for
several compressor blade shapes. The variation of deviation angle with
Reynolds number over a range of incidence angle is demonstrated in figure
52. TIn all cases the variation of the deviation or turning angle closely
parallels the variation of the loss. Therefore, factors involved in the
deviation-angle variation are the same as those for the loss behavior.
Correspondingly, no Reynolds number correction factors that will be ap-
plicable for all blade configurations have been established. The deduced
deviation-angle rule developed herein is applicable at a Reynolds number

of about 2.5x10° and greater.

Effect of inlet Mach number. - Experimental varlations of minimum-
loss deviation angle with inlet Mach number are presented in figure 53
for two circular-arc blades. Further cascade data in terms of air-turning
angle at fixed angle of attack are shown in figure 54 for two other
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compressor blade shapes. (Inasmuch as the data in fig. 54 were obtained
at constant angle of attack, the variation of turning angle is an inverse
reflection of the variation of deviation angle.) The data of figures 53
and 54 indicate that deviation angle varies little with inlet Mach number
up to the limiting value. As indicated in the Preliminary Analysls sec-
tion (p. 27), the resultant Mach number effect for a given blade config-
uration will depend on the relative magnitude of the various factors in-
volved, Apparently, the net effect is small up to the limiting value of
inlet Mach number. Large increases in deviation angle can be expected,
however, when the loss rises rapidly at the limiting Mach number because
of the adverse effects of the shock formation. (The rise in deviation
angle in the data is always associated with the sharp rise in loss.)

Variation with incidence angle. - Thus far, of necessity, the analy-
sis has been conducted for flow conditions at only one reference position
on the general curve of loss agalnst incidence angle. Ultimately, of
course, it is desired to predict flow variations over the entire range of
incidence angle. The variation of deviation angle with incidence angle
for a fixed geometry in the two-dimensional cascade is primarily a function
of the change in the guidance capacity of the cascade arising from the
change in orientation of the approaching flow (a potential-flow effect)
and of the variation in the wake loss. Since no information 1s currently
avajlable on the effect of losses, attention is centered on deviation-
angle variations in the region of low loss, where the trend of variation
approaches that of the potential flow.

Examination of potential-flow theory (Weinig, ref. 26, e.g.) shows
that a positive slope of deviation angle against incidence angle exists
(i.e., deviation angle increases with incidence angle). Calculations
based on the theory of Weinig reveal that the magnitude of the slope
varies with solidity and blade-chord angle. The deviation-angle slope
approaches zero for infinite solidity (deviation angle is essentially
constant at high solidity) and increases as solidity is reduced. At
constant solidity, the slope of deviation angle against incidence angle
increases as the chord angle 1s increased, These trends indicate phys-
ically that the greater the initial guidance effect (high solidity and
low blade angle), the less sensitive the deviation angle is to changes
in incidence angle,

For analysis purposes, since the reglon of low loss is generally
small, the variation of deviation angle with incidence angle for a given
cascade geometry in the region of minimum loss can be represented as

o} . . as°®
5 =0 +(i-1 )<_._> (15)
f {53
re re ai ref

where (dSO/di)ref represents the slope of the deviation-angle variation
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at the reference incidence angle. An empirical determination of the
magnitude of the slope of the variation of deviatlon angle with incidence
angle was obtalned from an analysis of the low-speed experimental data for
the 65-(A10)10 blades of reference 11. From the plot of deviation angle
against incidence angle for each configuration (as in fig. 5, e.g.), the
slope of the curve at the minimum-loss incidence angle was evaluated
graphically. The deduced variation of reference slope magnitude d6°/di
obtained from fairings of these values is presented in figure 55 as a
function of solidity and inlet-air angle. Qualitative agreement with
theory is strongly indicated by the data. Inasmuch as the phenomenon 1s
essentially a guidance or channel effect, it is anticipated that the slope
values of figure 55 will also be applicable for other conventional blade
shapes. Thus, 1t is possible to predict the deviation angle at incidence
angles other than the reference location within the low-loss range of
operation from the use of equation (15) and figure 55.

Summary

The analysis of blade-section deviation angle shows that the varia-
tion of reference deviation angle with cascade geometry at low speed can
be satisfactorily established in terms of an intercept value 83 and a
slope value m as given by equation (10). The experimental data could
also be expressed in terms of a rule similar in form to Carter's rule,
as indicated by equation (11). Deduced values of 68 and m were ob-
tained as a function of f; and o from the data for the 10-percent-

thick 65-(A;y)-series blades of reference 11 as equivalent circular arc

(figs. 39 and 40). Rules for predicting the reference deviation angle
of the C-series and double-circular-arc blades were also deduced based
on the correlations for the 65-(A10)-series blades and on limited data for

the circular-arc blade (figs. 39 and 46).

The procedure involved in estimating the low-speed reference devia-
tion angle of a blade section 1s as follows: From known values of By

and o, (83);p 1s selected from figure 39, and m is selected from fig-
ure 40 for the 65-(A10)-series blades or from figure 46 for circular-arc-
mean-line blades. The value of (Kg)y for the blade maximum-thickness

ratio is obtained from figure 50, and the approximate value of (Ka)sh is

selected for the type of thickness distribution. For the 65-serles blades,
(Kg)gp = 1.0, and it is proposed that (Kg)sh be taken as 1.1 for the C-

series blades and as 0.7 for the double-circular-arc blade. The value of
83 1s then computed from equation (13), and finally ©&° is determined
from the blade camber angle according to equation (10). As in the case

of reference 1, values, the use of the proposed values of (Kg)gn 1is not
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critical for good accuracy in the final determination of &°. Reference
deviation angle can also be computed according to the rule in the form
of equation (11) in conjunction with figures 41, 42, and 44.

The camber angle required to produce a given turning angle at the
reference condition at low speed can readily be calculated by means of
the preceding incidence-angle and deviation-angle correlations when the
inlet-air angle and blade solidity are known. From equations (1), (2),
and (10), the camber angle as a function of the turning, deviation, and
incidence angle is

AB - (iy - 83)
¢ = l1-m+n (16)

or, in terms of the thickness corrections (egs. (3) and (13)),

28 - [ (1) en(1)(10)10 - (Ko)sh(Ke)(53)10]
l-m+n

¢ = (17)
For simplicity, since (K;)gn = (Kg)sn = Kgps equation (17) can be expressed
in the form

88 - KgpKy | (1)1 - (82)
¢ = ‘ t1’:- m }-On 10] (18)

where ff represents some correctlon factor for blade thickness, such
that

K, [(10)10 - (62)10] = () (1)10 = (K4 (82)10 (19)

Curves of the values of (iy)1g - (83)19 @s a function of B and o

are given in figure 56; curves of the values of 1 -m +n as a func-
tion of By and ¢ are given in figure 57(a) for the 65-(A;n)-series

mean line and in figure 57(b) for the circular-arc mean line; and values
of K. are plotted as a function of Bl and t/c in figure 58. The

use of the chart values of K; 1in equation (18) gives results within

about 0.1° of the exact values given by equation (17). Required camber
angle can thus be determined readily by equation (18) in conjunction
with figures 56 to 58.

CONCLUDING REMARKS

The foregoing analysils has presented a correlation of available two-
dimensional experimental cascade data in terms of parameters significant
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in compressor design. The work essentially presents a summary of the
state of experimental cascade research with regard to cascade performance
at the reference incidence angle. Rules and procedures were evolved for
the prediction of the magnitude of the reference total-pressure loss and
the reference incidence and deviation angles in satisfactory agreement
with existing cascade data. The rules may also be of help in reducing
the necessary experimental effort in the accumulation of further cascade
data.

However, the present analysis is incomplete. Many areas, such as
the deviation-angle rule for the double-circular-arc blade, require fur-
ther data to substantiate the correlations. Furthermore, additional in-
formation concerning the influence of high Mach number and off-design
incidence angles of cascade performance is needed.

Finally, it is recognized that the performance of a given blade
geometry in the compressor configuration will differ from the performance
established in the two-dimensional cascade. These differences result
from the effects of the various three-dimensional phenomena that occur in
compressor blade rows. It is believed, however, that a firm foundation
in two-dimensional-cascade flow constitutes an important step toward the
complete understanding of the compressor flow. The extent to which
cascade-flow performance can be successfully utilized in compressor de-
sign can only be established from further comparative evaluations. Such
comparisons between observed compressor performance and predicted two-
dimensional-cascade performance on the basis of the rules derived herein
are presented in chapter VII.
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camber
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/ |
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' _ Axial direction

blade chord
incidence angle, angle between tangent to mean camber
line at leading edge and inlet-air velocity
blade spacing
inlet-alr velocity
outlet-air velocity
angle of attack, angle between chord and inlet-air
velocity
inlet-air angle, angle between inlet-air velocity and axial direction
outlet-air angle, angle between outlet-air velocity and axial direction

air-turning angle, B - Bp

blade-chord angle, angle between chord and axlal direction

deviation angle, angle between tangent to mean camber line
at trailing edge and outlet-air velocity

solidity, ratio of chord to spacing, 2/s

blade camber angle, difference between angles of tangents
to mean camber line at leading and trailing edges

Figure 2. - Nomencléture for cascade blade.
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Total-pressure-loss coefficient,
Wake momentum-thickness. ratio, 6%/c
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Deviation angle, 8°, deg

factor, D
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Incidence angle, i, deg

Figure 5. - Illustration of basic performance parameters for cascade analysis.
Data obtalned from conventional blade geometry in low-speed two-dimensional

tunnel.
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P~

0

(qz NACA 6?—(12)10 blade, Inlet-air angle, 459; solidity, 1.
ref. 11).

[4)]

Total-pressure-loss coefficient, @,

I
o

Q
[o+]

Normal tunnel ]
Turbulence increased

o
o
!

Lo 4

02 -

0 1 2 3 4 5x10°
' Blade-chord Reynclds number, Re,

(b) Lighthill blade, 50 percent laminar flow. Inlet-alr angle,
45,59; solldity, 1.0 (ref. 15).

Figure 6. - Effect of blade-chord Reynolds number and free-stream
turbulence on minimum-loss coefficient of cascade blade sectlon
in two-dimensional tunnel,
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(b) NACA 65-(12)10 blade. Inlet-air angle, 45°.
Figure 7. - Loss characteristics of cascade blade with

local laminar separation., Solidity, 1.5; blade-chord
Reynolds number, 2.45X10° (ref. 11).
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?;S C.4 Circular-arc blade. Camber angle, 25°9; maximum-thicknéss ratio,
0.10; solidity, 1.333; blade-chord angle, 42.5° (ref. 21).
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B
| /|3
/".8 //
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(b) C.4 Parabolic-arc blade.

Incidence angle, i, deg

Camber angle, 25°; maximum-thickness

ratio, 0.10; solidity, 1.333; blade-chord angle, 37.6° (ref. 21).

Figure 8. - Effect of inlet Mach number on loss characteristics of
cascade blade sections.

3383



£8ce

L-pd

NACA RM ES56B03a

JU—)]_

Total~pressure-loss coefficient

.16 5T , T R
3\ Inlet Mach number,

My

N \\ /i

(c) Double-circular-arc blade. Camber angle, 25°;

maximum-thickness ratio, 0.105; solidity, 1.333;
blade-chord angle, 42.5° (ref. 21).
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Incidence angle, i, deg

(d) Sharp-nose blade. Camber angle, 27.5°;
maximum-~-thickness ratio, 0.08; solidity,
1.15; blade-chord angle, 30° (ref. 40).

Figure 8. - Concluded. Effect of inlet Mach
number on loss characteristics of cascade
blade sections.
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Figure 9. - Definition of reference minimum-loss incidence angle.
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Figure 10. - Qualitative comparison of cascade range characteristics
at constant blade-chord angle and constant inlet-air angle (for
same value of B in region of minimum loss).
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(a) "Impact-free-entry" incidence
angle for infinitely thin blades
according to potential theory of
Weinig (ref. 28).
Figure 11.

(b) "Optimum” incidence angle for
10-percent-thick C-series pro-
files according to semitheoret-
ical developments of Carter et
al. (refs. 25 and 9). Outlet-
air angle, 20°,

-~ Variation of reference incidence angle for circular-arc-mean-line blades
obtained from theoretical or semitheoretical investigations.
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(b) Inlet-air angle, 30°; solidity, 1.0.

Figure 12. - Illustration of velocity distribution for
uncambered blade of conventional thickness at zero
incidence angle. Data for 65-(0)10 blade of refer-

ence 11.
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Figure 13. - Effect of blade thickness on surface velocity at zero incidence angle for
uncambered alrfoil section according to simplified one-dimensional model.
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Figure 14. - Theoretical variation of "impact-free-entry"

incidence angle for constant-thickness uncambered sec-

tions according to developments of reference 27.
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Equivelent incidence angle, i, deg

NACA RM ES56BO3a
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Inlet-air angle, B, deg
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(a) Inlet-air angles of 30° and 45°.

Figure 17. - Comperison of date values and deduced rule values of reference minimum-

loss incidence angle for mm-A>HovHo blades as equivalent circular arc (ref. 11).
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Figure 18. - Comparison of basic thickness distributions for conventional compressor blade sections.
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Figure 19. - Zero-camber minimum-loss incidence angle for lO-percent-
thick C.4 profile. Solidity, 1.0 (ref. 30).
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/"L "\-\
4 Low-speed rule
/ (eas. (2) and (3)) o
- ‘ v A
¢
0 g
(a) C.4 Circular-arc blade. Camber angle, 25°; solidity, 1.333; blade-chord angle,
42,59 (ref. 21).
w
Q
B
_
2 0 — -
<
§ Interpolated from
] zEda‘ta of ref. 12
o
131 4
& " ) i ) ¢
(b) C.4 Parabolic-arc blade. Camber angle, 25°; solidity, 1.333; blade-chord
angle, 37.5°; maximum camber at 40-percent chord {ref. 21).
4— ‘\
0
A o o e
-4 - - L :
.1 .2 .3 .4 .5 .6 .7 .8

Inlet Mach number, My

(c¢) C.7 Parabolic-arc blade. Camber angle, 40°; solidity, 1.0; blade-chord angle,
24.6°; maximum camber at 45-percent chord (ref. 53).

Figure 21. - Variation of reference minimum-loss incidence angle with inlet Mach num-
bver for thick-nose sections. Maximm-thickness ratioc, 0.10.
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Incidence angle, i, deg

-4

-4

NACA RM E56B03a

Low-speed rule
///_(eqs. (2) ana (3))

(a) Double-circular-arc blade. Camber angle, 25°; maximum-thickness ratio,
0.105; solidity, 1.333; blade-chord angle, 42.5° (ref. 21).

R .. apa—
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_—
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Inlet Mach number,

(b) Blade section of reference 40. Camber angle
0.08; solidity, 1.15; blade-chord angle, 307;
50-percent chord.

My

, 27.5°; meximum-thickness ratio,
maximum thickness and camber at

Figure 22. - Variation of reference minimum-loss incidence angle with inlet Mach
number for sharp-nose sections.
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Figure 23. - Schematic representation of development of surface boundary

layers and wake in flow about cascade blade sections.
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Figure 24. - Variation of computed wake momentum-thickness ratio

with local diffusion factor at reference incidence angle for
low-speed-cascade data of NACA 65-(Alo)10 blades (ref. 11).
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0 100 AV,

Percent chord

Vmex = V2 Vmax - V2 AVg
D= = 3 Vgax = V1 + S\

V&V Vl g
v\ avg
= - — < (7
Thus, D (1 V1)+ Ty (eq. (7))
For two-dimensional cos By cos By
flow, with vz,l = VZ,Z’ D= " cos By 20 (ten By - tan By) (cq. (8))

Figure 25. - Basis of development of diffusion factor for cascade flow from reference 23.
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Figure 26. - Variation of computed wake momentum-thickness ratio with over-gll diffusion

factor at reference incidence angle for low-speed systematic cascade data of references
11, 12, and 30. Blade maximum-thickness ratio, 0.10; Reynolds number, - 2.5x10°.
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Figure 27. - Variation of loss parameter with diffusion factor at reference wminimum-loss
incidenc§ angle computed from low-speed-cascade data of NACA 65-(Alo)10 cascade blades
(ref. 11).
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Total-pressure-loss coefficient, wp
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(a) 65-Series blade 65-(12)10. Solidity, 1.5;
inlet-air angle, 45° (ref. 11).

00— -
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Incidence angle, i, deg

(b) Circular-arc blade 10C4/25C50. Solidity, 1.333; blade-chord
angle, 42.5° (ref. 21).

Figure 28. - Effect of Reynolds number on variation of loss with
incidence angle.

3383



£8¢¢%

NACA RM ES6B03a 69

Total-pressure-loss coefficient, wy

.5
.4 414 —
- N
3 N \ S I
\\
0\
.2 0\2 \ B i -
TG, \ \\
L . . N | _ 1 -
\§ \
.08 - \\ 9 11
06 | &\\L X
05 — 1 5N
. \V&\
o4 Incidence NA L N
' angle, \N oy
i, deg \\
. 03 \\\\ N S -
o -9.0 \k\
o -6.5 ‘\\\1
0 -4.0 N\\L\'N
.02 N 1.0 1 B '\D~\\ ~
v 3.5
|1
.01 L1 LEl L . S
.1 .2 .3 .4 .6 8 1 2 3x10
Blade-chord Reynolds number, Re.
Figure 29. - Variation of total-pressure-loss coefficient with

blade-chord Reynolds number for parabolic-arc blade 10C4/40
P40. Inlet-air angle, 28° to 409, solidity, 1.333 (ref. 39).
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Figure 30. - Composite plot of loss coefficient against blade-chord Reynolds
number 1n reglon of minimum loss for two-dimensional-cascade blade
sections at low speed.
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(a) Total-pressure-loss coefficient.
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(b) Blade wake.

Figure 31. - Variation of cascade blade loss with inlet Mach
number for NACA 65-(12A;4)10 blade in region of minimum loss

(ref. 20).
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Figure 32. - Ratio of compressible to incompressible form factor for
constant value of exponent in power velocity distribution.
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Figure 3%. - Ratio of compressible to incompressible momentum thickness for
constant full thickness and exponent for power velocity distribution.
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CHAPTER VII

BLADE-ELEMENT FLOW IN ANNULAR CASCADES

By William H. Robbins, Robert J. Jackson, and Seymour Lieblein

SUMMARY

A blade-element analysis is made of annular-cascade data obtained
primarily from single-stage-compressor test installations. The parameters
that describe blade-element flow (total-pressure loss, incidence angle,
and deviation angle) are discussed with reference to the many variables
affecting these parameters. The blade-element data are correlated over a
fairly wide range of inlet Mach number and cascade geometry. Two blade
shapes are considered in detail, the 65-(A;y)-series profile and the
double-circular-arc alrfoil. Compressor data at three radial positions
near the tip, mean, and hub are correlated at minimum-loss ilncidence
angle. Curves of loss, incidence angle, and deviation angle are presented
for rotor and stator blade elements. These correlation curves are pre-
sented in such a manner that they are directly related to the low-speed
two-dimensional-cascade results. As far as possible, physical explana-
tions of the flow phenomena are presented. In addition, a calculation
procedure is given to illustrate how the correlation curves could be uti-
lized in compressor design.

INTRODUCTION

Axial-flow-compressor research has generally been directed toward
the solution of either compressor design or compressor analysis problems.
In the design problem, the compressor-inlet and -outlet conditions are
given, and the compressor geometry must be determined to satisfy these
conditions. In contrast, for the analysis problem the inlet conditions
and compressor are specified, and the outlet conditions are desired.

(The analysis problem is sometimes referred to as the "direct compressor
problem.")

There are two phases of the axial-flow-compressor design problem.
In the first phase it 1is necessary to prescribe desirable velocity dis-
tributions at each radius of the compressor that will ultimately ful-
fill the design requirements. A discussion of the velocity-diagram
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phase of the compressor design procedure is given in chapter VIII. OSecond-
ly, proper blade sections are selected at each radial position and stacked
in proper relation to each other to establish the design velocity dlagrams
at each radius. In order to satisfy the design requirements successfully,
accurate blade-row design data are needed. Successful analysis of a com-
pressor (the analysis problem) also depends upon accurate blade-row data,
?ot on%y at the design point but also over a wide range of flow conditions
ch. X).

In general, compressor designers have relied primarily on three
sources of blading information: (1) theoretical (potential-flow) solu-
tions of the flow past airfoil cascades, (2) low-speed two-dimensional-
cascade data, and (3) three-dimensional annular-cascade data. Potential-
flow solutions have been used to a limited extent. In order to handle
the complex mathematics involved in the theoretical solutions, it is nec-
essary to make simplifying assumptions concerning the flow field. Among
the most important of these is the assumption of a two-dimensional flow
field with no losses. Unfortunately, in some cases these assumptions lead
to invalid results unless experimental correction factors are applied to
the computed results. These solutions are reviewed in chapter IV (ref. 1).

A considerable asmount of blade design data has been obtained from
low Mach number experimental two-dimensional cascades. A rather complete
study of the cascade work that has been done to date 1s presented in
chapter VI, which correlates cascade data at minimum-loss incidence angle
for a wide range of inlet conditions and blade loadings. Low-speed two-
dimensional-cascade data have been applied successfully in many compressor
designs. However, with the design trends toward higher Mach numbers and
higher blade loadings, these cascade results have not always been com-
pletely adequate for describing the compressor flow conditions, particu-
larly in regions of the compressor where three-dimensional-flow effects
predominate.

Because of such effects, it becomes essential that blade-element data
be obtalned in a three-dimensional-compressor environment. These three-
dimensional-cascade data (obtained primarily from single-stage compressors)
may then be used to supplement and correct the theoretical solutions and
the two-dimensional-cascade information. Some success has been obtained
in correlating annular-cascade data with the theory and the two-
dimensional-cascade results (refs. 2 to 6); however, the range of varia-
bles covered in these investigations is not nearly complete.

The purpose of this chapter is to correlate and summarize the availa-
ble compressor data on a blade-element basis for comparison with the two-
dimensional-cascade data of chapter VI. An attempt is made to indicate
the regions of a compressor where low-speed two-dimensional-cascade data
can be applied to compressors and also to indicate the regions where cas-
cade results must be modified for successful application to compressor

3330
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design. Two blade sections are considered in detail, the NACA 65-(Ayq)-

series blade and the double-circular-arc airfoil section. Particular
emphasis 1s placed on obtaining incidence-angle, deviation-angle, and loss
correlations at minimum loss for blade elements near the hub, mean, and
tip radii of both rotor and stator blades. Empirical correction factors
that can be applied to the two-dimensional-cascade design rules are glven,
and application of the design rules and correction factors to compressor
design is illustrated.

SYMBOLS

The following symbols are used in this chapter:

a8, speed of sound based on stagnation conditions, ft/sec
b exponent in deviation-angle relation (eg. (4)), function of inlet-
air angle

c chord length, in.
D diffusion factor

i incidence angle, angle between inlet-air direction and tangent to
blade mean camber line at leading edge, deg

K. correction factor in incidence-angle relation, function of blade
maximum-thickness ratio and thickness distribution

Kg correction factor in deviation-angle relation, functlon of blade
maximum-thickness ratio and thickness distribution

M Mach number

m factor in deviation-angle relation at o = 1 (eq. (4)), function
of inlet-air angle

m factor in deviation-angle relation (eq. (6)), function of blade-
chord angle

n slope factor in incidence-angle relation (eq. (3)), function of
inlet-air angle and solidity

P total or stagnation pressure, 1b/sq ft
D static or stream pressure, 1lb/sq ft

r radius
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s blade spacing, in.

T total or stagnation temperature

t blade maximum thickness, in.

\4 air velocity, ft/sec

g air angle, angle between air velocity and axial direction, deg

Y ratio of specifilc heats

¥° blade-chord angle, angle between blade chord and axial direction,
deg

8° deviation angle, angle between outlet-air direction and tangent to
blade mean camber line at trailing edge, deg

! efficiency

o¥ boundary-layer momentum thickness, in.

o solidity, ratio of chord to spacing

0 blade camber angle, difference between angles of tangents to mean
camber line at leading and trailing edges, deg

®  angular velocity of rotor, radians/sec

) total-pressure-loss coefficient

Subscripts:

ad adiabatic

C compressor

GV inlet guide vanes

h hub

id  ideal

m mean

062¢
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min minimum

o] zero camber

R rotor

S stator

ST stage

t tip

z axial direction

8 tangential direction

1 station at inlet to blade row or stage
2 station at exit of blade row or stage

2-D low-speed two-dimensional cascade
10 blade maximum-thickness-to-chord ratio of 10 percent
Superscript:

! relative to rotor

PRELIMINARY CONSIDERATIONS
Blade-Element Concept

In current design practice, the flow distribution at the outlet of
compressor blade rows is determined from the flow characteristics of the
individual blade sections or elements. The blade-element approach to
compressor design is discussed in detail in chapter III (ref. 1) and ref-
erence 7. To review briefly, axial-flow-compressor blades are evolved
from a process of radial stacking of individual airfoil shapes called
blade elements. The blade elements are assumed to be along surfaces of
revolution generated by rotating a streamline about the compressor axis;
this stream surface of revolution may be approximated by an equivalent
cone (fig. 1). Each element along the height of the blade is designed to
direct the flow of air in a certain direction as required by the design
velocity diagram of the blade row. The basic parameters defining the
flow about a blade element are indicated in figure 2. Stated simply,
blade-element flow is described by the variations of the loss in total
pressure across the blade row and of the air-turning angle with the
incidence angle (or angle of attack).
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Factors Affecting Blade-Element Performance

The flow about a given blade element in a compressor configuration
ig different from that in a two-dimensional cascade because of three-
dimensional effects in compressor blade rows. These three-dimensional
effects influence the magnitude of the design incidence angle, the loss
in total pressure, and the deviation angle.

Incidence angle. - In the low-speed two-dimensional cascade, the
minimum-loss incidence angle depends on the blade geometry (camber, so-
1idity, and blade thickness), the inlet-air angle, and inlet Mach number
(ch. VI). 1In compressor operation, several additional factors can alter
the minimum-loss incidence angle for a given element geometry - for ex-
ample, differences in testing procedure. In compressor operation, inci-
dence angle, inlet-air angle, and inlet Mach number vary simultaneocusly;
in contrast, cascades are often operated with fixed inlet-air angle and
inlet Mach number. Some net difference in the range characteristics and,
therefore, the location of the point of minimum loss between cascade
operation at constant inlet-air angle and compressor test operation (with
varying inlet-air angle) may be obtained.

In addition to these blade-element considerations, of course, there
are sources of difference arising from compressor three-dimensional ef-
fects. For example, radial variations of minimum-loss incidence angle
that are not consistent with the trends predicted from cascade blade-
element considerations have been observed in compressor rotors (refs. 8
and 9). Apparently, radial position may also be a factor in determining
compressor minimum-loss incidence angle.

Total-pressure loss. - In the two-dimensional cascade, the magnitude
of the loss in total pressure across the blade element is determined from
the growth of the blade surface boundary layers (profile loss). In the
actual compressor, the loss in total pressure is determined not only by
the profile loss, but also by the losses induced by the three-dimensional
nature of the flow. These three-dimensional losses result from secondary
motions and disturbances generated by the casing wall boundary layers,
from blade tip clearance, from radial gradients of total energy, and from
interactions of adjacent blade rows. The compressor loss picture is fur-
ther complicated by the tendency of boundary-layer fluid on the compres-
sor blade surfaces and in the blade wake to be displaced radially. As &
consequence of this phenomenon, the loss measured downstream of a given
blade element may not necessarily reflect the actual loss generated at
that element, but something more or less, depending on the radial loca-
tion of the element.

[\ 2
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It is expected, therefore, that the factors influencing the magni-
tude of the blade-element loss in the compressor will include the factors
affecting the profile loss (blade surface velocity distribution, inlet
Mach number, blade-chord Reynolds number, free-stream turbulence, and
blade surface finish) and the factors affecting the three-dimensional
losses. Investigations of compressor blade-element losses based on sur-
face velocity distribution, as expressed in terms of diffusion factors,
are presented in references 10 and 11. The essentially secondary effects
of blade surface finish and trailing-edge thickness on compressor loss
are investigated in references 12 and 13. Results of tests of blade-
element performance (ref. 14 and ch. V (ref. 1)) and over-all performance
(refs. 15 and 16) at varying Reynolds numbers indicate that there is no
significant variation in loss for Reynolds numbers above approximately

Z.SXlOS. (Since most of the compressor data used in this analysis are

for Reynolds numbers greater than 2;5x105, no Reynolds number effects are
believed to exist for the data.) Some variations of compressor loss with
inlet Mach number have been established in references 8, 17, and 18.
These results, however, are not complete indications of Mach number ef-
fects (shock losses), since the corresponding variations of blade diffu-
sion with Mach number are not identified. An attempt to separate the
variation of diffusion and shock losses with Mach number by means of an
analysis based on the diffusion factor of reference 10 1s presented in
references 9 and 19.

Although some aspects of the compressor three-dimensional-flow phe-
nomena are known (chs. XIV and XV (ref. 20)), the specific factors or
parameters affecting compressor three-dlimensional losses have not been
established for analysis purposes. At present, the three-dimensional
loss can be treated only on a gross basis as a difference between the
total measured loss and the predicted profile loss.

Deviation angle. - In the two-dimensional cascade the minimum-loss
deviation angle varies primarily with the blade geometry and the inlet-
air angle. Experience with compressor operation indicates that blade-
element minimum-loss deviation angle is also sensitive to three-
dimensional effects. The two principal compressor effects are secondary
flows and changes in axial velocity across the blade element. Secondary
flows are treated in chapter XV (ref. 20) and in reference 21. Correc-
tions are established in reference 21 for the effect of secondary flows
on the outlet angles of compressor inlet guide vanes. At present, how-
ever, rotor and stator secondary-flow effects can be treated only on a
gross basis.

The effects of changes in axial velocity ratio on the turning angles
of a fixed blade-element geometry are conclusively demonstrated in the
rotor investigations of reference 4. There are several origins of vary-
ing axial velocity ratio across a compressor blade element: (1) contrac-
tion of the annulus area across the blade row, (2) compressibility, which
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varies axial velocity ratio for a fixed annulus area, and (3) differences
in the radial gradient of axial velocity at blade-row inlet and outlet,
which can arise from the effects of radial-pressure equilibrium (ch. VIII).
Although several attempts have been made to establish corrections for the
effect of change in axial velocity ratio on deviation angle (refs. 4 and
22)J these proposed correction techniques have not been universally suc-
cessful. The principal difficulty involved in the axial velocity correc-
tions is the inability to determine the corresponding changes in blade
circulation (i.e., tangential velocity). Values of axial velocity ratio
were identified for the deviation-angle data presented, although no at-
tempt was made to apply any corrections.

Some of the secondary factors influencing deviation angle, such as
inlet Mach number and Reynolds number, are investigated in references 4,
8, and 17. These results indicate that the variations of deviation
angle with Mach number and Reynolds number are small for the range of
data considered in this survey.

Correlation Approach

In this chapter, annular-cascade data are compared with the two-
dimensional-cascade correlations of minimum-loss incidence angle, total-
pressure loss, and deviation angle of chapter VI. In this way, compres-
sor investigations serve as both a verification and an extension of the
two-dimensional-cascade data. Two-dimensional-cascade data correlations
and rules, in conjunction with correction factors deduced from the three-
dimensional data, can then be used for compressor design and analysis.

With this approach in mind, all available single-stage data were
collected, computed, and plotted in a form considered convenient for
correlation. The blade and performance parameters used 1n the analysis
are similar to those used in the two-dimensional-cascade correlations of
chapter VI. Camber angle, incidence angle, and deviation angle (fig. 2)
are used to define the blade camber, air approach, and air leaving direc-
tions, respectively. These angles are based on tangents to blade mean
camber line at the leading and trailing edges. As in chapter VI, the
NACA 65—(A10)—series blades are considered in terms of the equivalent

circular-arc camber line (figs. 3 and 4 of ch. VI, pp. 43-44).

Loss in total pressure across the blade element 1s expressed in
terms of the loss parameter ' cos Bé/Zo, where the relative total-

pressure-loss coefficient o' is defined as the mass-averaged defect in
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relative total pressure divided by the pressure equivalent of the inlet
velocity head:

L - p
. sz}d 2 (l)
1~ P

For stationary blade rows, or no change in streamline radius across the
rotor, the numerator of equation (1) becomes the decrease in relative
total pressure across the blade row from inlet to outlet. The relative
total-pressure-loss coefficient was computed from stationary measurements
of total pressure and total temperature and from the computed relative
inlet Mach number according to reference 10. The total-pressure-loss
paraseter ' cos Bé/Zo, as indicated in chapter VI, can be used as a

significant parameter for correlating blade losses.

The diffusion factor, which is used as a blade-loading parameter, is
defined in reference 10 for no change in radius as follows:

! ' _ oyt
b (1-22), Y1 Yo (2)
- Vi 20V

A typical example of the plotted performance parameters for a rotor
blade row is shown in figure 3. The data represent the variations of the
flow at fixed rotational speed. Plots for stator blade rows show similar
trends of variation. As in chapter VI, a reference point was established
as the incidence angle for minimum loss (fig. 4(a)), and the blade-element
flow was analyzed at this reference point. In cases where minimum-loss
incidence was not clearly defined, the reference point was taken as the
mean incidence of the incidence-angle range for which values of w at
the end points are twice the minimum value (fig. 4(b)). In some in-
stances, near the compressor tip the loss-against-incidence-angle curve
increased continuously from a minimum value of loss parameter at the
open-throttle point. 1In presenting data for these cases several points
near the minimum-loss value are plotted,

One of the primary objectives of this analysis is to determine dif-
ferences in blade-element performance with compressor radial position,
Therefore, three radial positions along the blade span (near the hub,
mean radius, and tip) of each blade row are considered. The radial posi-
tions at the hyb and tip are approximately 10 to 15 percent of the pas-
sage height away from the inner and outer walls, respectively, which are
outside the wall boundary-layer region in all cases, The analysis is
directed toward correlating the loss and deviation-angle data at refer-
ence Incidence angle and determining the variation of reference incidence
angle with blade geometry and Mach number at the three radial positions.,
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Experimental Data Sources

There are three sources of three-dimensional-cascade blade-element
data: stationary annular-cascade tunnel investigations, multistage-
compressor investigations, and single-stage or single-blade-row compressor
investigations. A relatively small amount of data has been accummlated
from blade-row investigations conducted in stationary annular-cascade tun-
nels. Tunnels of this type have been used primarily for inlet-guide-vane
investigations. Typical examples of annular-cascade tunnel investigations
are reported in references 14 and 23. Numerous multistage-compressor in-
vestigations have been conducted both in this country and abroad. Unfor-
tunately, the data obtained from these investlgations are too limited to
permit the construction of individual blade~row-element performance curves
similar to those illustrated in figure 3.

The data used in this investigation were obtalned primarily from in-
vestigations of single rotor rows or of single-stage compressors. A typ-
ical single-stage-compressor test installation is shown in figure 5. This
particular compressor consists of a row of inlet guide vanes, a rotor
blade row driven by a variable-speed motor, and a stator blade row. A
discharge throttle is installed in the outlet system to vary the compres-
sor back pressure. In this manner, the compressor mass-flow rate can be
controlled. 1In an installation such as this, compressor performance over
a range of speeds and mass flows can be obtained simply. In many cases,
test rigs simllar to figure 5 have been operated with only guide vanes
and rotors or with rotors alone.

Many phases of compressor research have been conducted in single-
stage-compressor test rigs; and, in reporting these phases, complete
blade-element results are not usually presented. Therefore, it was nec-
essary to collect avallable original data and rework them in terms of the
parameters of the analysis. Since only NACA original data were avallable
in blade-element form, the data analysis is based mainly on single-stage-
compressor investigations conducted at the Lewis laboratory. The measure-
ments taken and the instrumentation used vary somewhat from compressor to
compressor; in most cases, however, it 1s possible from the available data
to reconstruct complete experimental velocity diagrams and to determine
the blade-element performance. Radial survey measurements were made after
each blade row. Normally, total pressure, static pressure, total tempera-
ture, and air direction were measured. The pressure- and temperature-
measuring devices were calibrated for the effect of Mach number.

Most of the compressor investigations that were adaptable to this
analysis were conducted on NACA 65-(Ajg)-series airfoil shapes and double-

circular-arc airfoils. Therefore, the analysis 1s concerned solely with
these airfoils. The 65-(Ajg)-series airfoil has been used extensively in

subsonic compressors; and the double-circular-arc airfoil, which is a
relatively simple airfoil shape, has been used effectively in transonic
compressors. Details of the characteristics of the various blade rows
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used in this analysis are summarized in table I, and details of the
instrumentation, calculation procedure, and accuracy of measurement are
given in the listed references.

INCIDENCE-ANGLE ANAILYSIS
Method of Correlation

In correlating blade-element reference-incidence-angle data, meas-
ured values of incidence angle are compared with values of reference inci-
dence angle predicted for the geometry of the blade element according to
the low-speed two-dimensional-cascade correlations of chapter VI. In
chapter VI, the low-speed two-dimensional reference incidence angle is
expressed in terms of the blade geometry as

1z.p = Ki(ig)yp + ne (3)

where K; 1is a function of blade thickness distribution and maximum-
thickness ratio, (i,);p 1s the zero-camber incidence angle for the 10-
percent-thick airfoil section (function of air inlet angle Bi and
solidity o), and n 1is equal to [(i - io)/w]z_D (also a function of

B{ and o). Values of Kj, (ig)10, @8nd n for the circular-arc and
65—(A10)-series blade are repeated in figures 6 to 8 for convenience.

The comparisons between measured blade-element reference incidence
angle 1, and predicted two-dimensional incidence angle iZ-D are ex-

pressed in terms of the difference (i; - ip_p). Thus, a value of zero

of the difference parameter corresponds to an equivalence of the two in-
cidence angles. In view of the established tendency of the reference
incidence angle to increase somewhat with inlet Mach number (ch. VI), it
was thought desirable to plot the variation of the difference parameter
(g - is_p) against relative inlet Mach number for the three radial posi-

tions at hub, mean, and tip.

NACA 65-(A;g)-series blades. - The results of the comparison between

compressor and two-dimensional-cascade reference incidence angles for the
NACA 65-(Alo)—series blades are presented in figure 9 for hub- mean-,

and tip-radius regions. Both rotor and stator data are presented; the
stator data being represented by the solid points. Different values of
incidence angle for a given symbol represent different compressor tip
speeds. As might be expected in a correlation of this type involving
data from different test installations and instrumentations, the data

are somewhat scattered, particularly in the hub and tip regions. It has
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not been possible in these instances to evaluate the significance or ori-
gin of the scatter. (In compressor investigations, instrumentation in-
accuracy generally contributes heavily to the data scatter, especially at
hub and tip.) Nevertheless, the results of the comparison are indicative
of the trends involved, and it is possible to make some general
observations.

For the rotor mean-radius region, where three-dimensional disturb-
ances are most likely a minimum, the rotor minimum-loss incidence angles
are, on the average, about 1° smaller than the corresponding cascade-
predicted values. This difference may be a reflection of some of the
compressor influences discussed previously. The data also indicate that
no essential variation of reference incidence angle with relative inlet
Mach number exists up to values of Mi of about 0.8. The 65-(A10)-series

blade, having a thick-nose profile, apparently exhibits the same approx-
imate constancy of minimum-loss incidence angle with Mach number as in-

dicated for the British thick-nose C-series profile in the cascade com-

parisons of chapter VI.

At the rotor tip, the compressor reference incidence angles are from
0° to 4° less than the predicted cascade values. As in the case of the
rotor mean radius, no essential variation with inlet Mach number is ob-
served in the range of data covered. The lower values of rotor reference
incidence angle were generally the result of a change in the form of the
variations of loss against incidence angle in the'rotor, as illustrated
in figure 10. The change in form may be explained on the basis of a
probable increase in rotor tip three-dimensional losses (centrifuging
of blade boundary layer, tip-clearance disturbances, etc.) with increasing
incidence angle.

At the rotor hub, the situation is somewhat confused by the wide
range of data. A tendency of the compressor incidence angles to be some-
what larger than the corresponding cascade values with an average value
of about 1° or 2° is indicated.

For the stator mean-radius and hub regions, close agreement between
compressor and cascade incidence angles is indicated for the range of
Mach numbers covered (to about 0.7). Considerable scatter exists in the
stator data at the compressor tip; therefore, no definite conclusions can
be made concerning the variations of incidence angle.

Double-~circular-arc blade. - The results of the double-circular-arc
airfoil correlation are presented in figure 11, where compressor refer-
ence incidence angle minus low-speed-cascade-rule incidence angle (eq.
(3)) is plotted against relative inlet Mach number for the hub, mean, and
tip radial positions for both rotors and stators. The dashed curve rep-
resents the variation obtained with a 25°-camber double-circular-arc blade
in high-speed two-dimensional cascade (ch. VI).
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It is immediately apparent that rotor reference incidence angle at
all radial positions increases with increasing Mach number. The data
indicate that the magnitude of the increase in reference incidence angle
with Mach number is larger at the hub than at the tip. The hub data
points in figure 11 were obtained from blade elements of relatively high
camber. Both potential-flow and low-speed-cascade results indicate that
this type of configuration is associated with a negative value of refer-
ence incidence angle. As inlet Mach number is increased, the increase
in incidence angle in the positive direction must be fairly large in
order to avoid high losses associated with blade-row choking. In con-
trast, at the compressor tip, since the blade cambers are generally
lower (see table I), the low-speed incidence angle is higher and the
required rate of change of incidence angle with increasing Mach number
is not as large. Unfortunately, low Mach number data were not avail-
able to permit exirapolation of the rotor incidence-angle variations to
zero Mach number (level of cascade correlation). However, it is be-
lieved that there will be very little change in the rotor incidence angle
for values of Mach number below about 0.4 to 0.5. Extrapolated values of
rotor reference incidence angle at zero Mach number appear to be of the
order of 0.5° at the hub, 1.5° at the mean radius, and 2.5° at the tip
below cascade-rule values.

The double-circular-arc blade element in the compressor rotor exhib-
its the same general incidence-angle characteristic with Mach number that
was observed for sharp-nosed blade sections in the high-speed two-
dimensional cascade (ch. VI). As indicated in chapter VI, the increase
in reference incidence angle with Mach number is associated with the tend-
ency of the range of the blade to be reduced only on the low-incidence
side of the loss curve as Mach number is increased.

The rotor data for the double-circular-arc section, like those for
the 65-(A1g)-series blades, are comparable to the cascade variations at
the mean radius, somewhat higher at the hub at the higher Mach numbers,
and noticeably lower at the tip. Apparently, the same type of three-
dimensional phenomenon occurs at the tip for both blade shapes.

The available double-circular-arc stator data are too meager for
any conclusions.

Summary Remarks

The variation of reference incidence angle for 65-(Ajg)-series and
double-circular-arc blade sections has been presented. No Mach number ef-
fect on reference incidence angle was observed for the 65-(Ayy)-series

blades for the range of ach numbers considered. 1In contrast, the double-
circular-arc blade sections exhibit a pronounced variation of reference
incidence angle over the range of Mach number investigated. Significant
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differences between the two-dimensional-cascade data and the rotor data
were observed at the compressor tip. In contrast, at the mean radius and
hub, the differences in two-dimenslonal-cascade data and rotor data were
relatively small, even though the flow field was three-dimensional.

Additional data are required to determine the variation of stator
reference incidence angle, particularly for the double-circular-arc alr-
foil sections. Also, no information has been presented concerning the
allowable incidence-angle range for efficient (low-loss) operation and
the variation of this range with inlet Mach number. Investigations of
these phases of compressor research are very essential to fill gaps in
the compressor design and analysis procedures and warrant attention in
future research programs.

TOTAL-PRESSURE-LOSS ANALYSIS
Correlation of Data

For two-dimensional-cascade data obtained at low Mach numbers, the
values of total-pressure-loss parameter o cos 82/20 plotted against

diffusion factor (eq. (2)) form essentially a single curve for all cas-
cade configurations. The diffusion-factor correlation of loss parameter
was applied to data obtained over a range of Mach numbers from single-
stage axial-flow compressors of various geomeiries- and design Mach num-
bers. Values of total-pressure-loss parameter calculated from single-
stage-compressor data are plotted against diffusion factor for the hub,
mean, and tip measuring stations in figure 12. ZEach symbol represents
the value of diffusion factor and loss parameter at reference incidence
angle at a given tip speed. Also plotted as a dashed curve is the cor-
responding correlation presented in chapter VI for the low-speed two-
dimensional-cascade data. The data of figure 12, which were obtained
from the rotor and stator configurations summarized in table I, represent
both 65-(Ajp)-series and circular-arc blade sections. The plots of fig-

ure 12 essentially represent an elaboration of the loss-diffusion corre-
lations of reference 10.

The most important impression obtained from the rotor data plots is
the wide scatter and increasing loss trend with diffusion factor at the
rotor tip, while no discernible trend of variation is obtained at the
rotor hub and mean radii. For the rotor hub and mean radii, it can be
assumed that the rotor blade-element loss parameter follows the cascade
variation but at a higher average magnitude. Unfortunately, the range
of diffusion factor that could be covered in the compressor tests was not
sufficient to determine whether a marked rise in loss is obtained for
values of diffusion factor greater than about 0.6 (as in the cascade).
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It 1is apparent from the loss trend and data scatter at the rotor
tip that a different loss phenomenon is occurring in the tip region. It
is recognized that a part of the scatter is due to the general instrumen-
tation inaccuracy in the highly turbulent tip regions. In view of the
usually large radial gradients of loss existing in the blade tip region,
small variations in positioning radial survey probes can cause noticeable
differences in the computed results. WNevertheless, it is cbvious that
factors other than the blade-element diffusion are influencing the tip
loss. The specific three-dimensional factors or origins involved in the
loss rise at the tip are not currently known. The principal conclusion
reached from the plot is that the likelihood of a rising loss trend on
the rotor tip exists for values of diffusion factor greater than about
0.35. :

The stator losses at all radial positions in figure 12 appear to be
somewhat higher than those of the two-dimensional cascade, particularly
at the higher values of diffusion factor.

Summary Remarks

Rotor and stator blade-element loss data were correlated by means
of the diffusion factor. The losses for stator and rotor blade elements
at hub and mean radii were somewhat higher than those for the two-
dimensional cascade over the range of diffusion factor investigated. At
the rotor tip, the losses were considerably higher at values of diffusion
factor above approximately 0.35.

The foregoing blade-element loss analysis is clearly incomplete.
The need for additional work i1s indicated for such purposes as evaluating
the origin and magnitude of the tip-region losses. The loading 1imits
for rotors at other than the tip region and for stators at all blade ele-
ments have not been determined, because, for the available data, the dif-
fusion factors at reference incidence do not extend to sufficiently high
values. BSingle-stage investigations are needed over the critical range of
Reynolds number to determine the effect of Reynolds number on the blade-
element loss. It is desirable to isolate the effects of velocity diffu-
sion and shock waves on the loss at high Mach number operation. The loss
correlations presented should also be extended so that the data are ap-
Plicable over a range of incidence angle. This would be of extreme value
in the compressor analysis problem.

DEVIATION-ANGLE ANALYSIS

In addition to design information concerning blade-element losses
and incidence angle, it is, of course, desirable to have a rather com-
Plete picture of the air deviation-angle characteristics of axial-flow-
compressor blade elements. Therefore, the two-dimensional-cascade cor-
relation results are reviewed and supplemented with annular-cascade data
in this section.
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Method of Correlation

As in the analysis of reference incidence angle, the correlation of
blade-element deviation angle at reference incidence is presented in terms
of a comparison between measured blade-element deviation angle and devia-
tion angle predicted for the element according to the low-speed two-
dimensional-cascade correlations of chapter VI. In chapter VI, the low-
speed two-dimensional-cascade deviation angle at reference incidence
angle is expressed in terms of blade geometry as

m
83.p = Kp(83)10 + T ¢ (4)

where Kg 1s a function of maximum-thickness-to-chord ratio and thickness
distribution, (68)10 is the zero-camber deviation angle for the 10-
percent-thick airfoil section (function of Bi and o), m is a func-
tion of Bi for the different basic camber distributions, and b 1is an

exponent that is also a function of Bi.

As was shown previously, the reference incidence angle of the com-
pressor blade element may differ somewhat from the correspondiag two-
dimensional reference incidence angle. Inasmuch as deviation angle will
vary with changing reference incidence angle for a given blade geometry
(depending on solidity), the two-dimensional deviation angles were cor-
rected to the reference incidence angles of the compressor blade elements.
The corrected deviation angle, as suggested in chapter VI, is given by

60 - (o] m s i daO

2.p = Ks(83)10 + 5 @ + (ic - La-p)g (%)
o} 2-D

where (d&o/di)z_D is the slope of the two-dimensional variation of de-

viation angle with incidence angle at reference incidence. Values of
Kg, (83)1g, m, b, and (a8°/di)o_p for the circular-arc and 65-(Ajg)-

series blade are repeated in figures 13 to 17 for convenience.

Deviatiou-angle comparisons for the double-circular-arc blade were
also made on the basis of Carter's rule for cascade blades (ref. 24):

Me

0.5 ¢ (6)

o]
S2.p =
¢)

where m. 1s a factor that is a function of blade-chord angle (fig. 18).
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Carter's rule, which has been used extensively in the design of
circular-arc blades, was used as the basis for the more elaborate rule of

equation (4). 1In the calculations, Carter's rule was applied directly to
the compressor reference incidence angles.

The comparisons between measured blade-element reference deviation
angle 68 and predicted two-dimensional deviation angle Sg_D are ex-

pressed in terms of the difference parameter (83 - 83_p) against relative

inlet Mach number for the three radial positions at hub, tip, and mean
radius.

NACA 65-(Ajp)-series blades. - Curves of compressor deviation angle

minus cascade-rule deviation angle (eq. (5)) for the 65-(Ajp)-series air-
foil for both rotors and stators are plotted against relative inlet Mach
number for the hub, mean, and tip radial positions in figure 19(a). All
values of deviation angle correspond to those at compressor reference in-
cidence angle. As in the case of the incidence-angle and loss correla-
tions, there is considerable scatter of data, particularly in the hub and
tip regions. Some of the scatter i1s believed due to the effects of three-
dimensional flows and changes 1n axial velocity ratic across the element,
but perhaps the most important factors are instrumentation differences and
errors. It is generally recognized that it is difficult to measure com-
pressor air angles with an accuracy better than about £° to 1.5°. The
correlations must therefore be evaluated on an average or trend basis.

The correlation of rotor data in the mean-radius region is fairly
good; axial velocity ratio varied between about 0.9 to 1.10. On the av-
erage, the rotor mean-radius deviation angles are about 0.5° less than the
cascade values. These results agree with previous experience (refs. 4
and 5), which indicated rotor turning angles approximately 1° greater
(i.e., deviation angles 1° less) than the two-dimensional-cascade results.
If data points for the rotor tip having axial velocity ratios less than
0.8 are neglected, the average deviation angle is about 0.59 less than
the cascade value. Axial velocity ratio for the tip-region unflagged data
varied between 0.8 and 1.05. For the hub, on the average, the blade-~
element deviation angles were gbout 1.0° greater than the corresponding
two-dimensional values. Hub axial velocity ratios varied between 1.0 and
1.3. As in the two-dimensional cascade (ch. VI), no Mach number effect
on deviation angle is indicated over the range of Mach number investigated
for all three regions.

For the stator mean-radius (V, Z/Vz,l = 1.0 to 1.1) and hub-radius
2
(VZ,Z/Vz,l = 0.85 to 1.05) regions, the average deviation angles are both

about 1.0° lower than the corresponding two-dimensional values. At the
stator tip, the average blade-element value is indicated to be about 4°
less than the two-dimensional value. However, these data all have high
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axial velocity ratios (from 1.1 to 1.5). It is expected that, on the
basis of constant axial velocity, the probable average blade-element de-
viation angles at the stator tip might be several degrees closer to the
two-dimensional values. (Increasing axial velocity ratio at essentially
constant circulation for the stator tends to decrease deviation angle.)
As in the case of the rotor, no essential variation of deviation angle
with Mach number is detected for the stator within the range of Mach num-
bers investigated.

Double-circular-arc blade. - Blade-element and two-dimensional-
cascade deviation angles (eq. (5)) obtained for the double-circular-arc
blade are compared in figure 19(b). The scatter of data is generally
less than for the 65-(Alo)—series blades, partly because of the generally

more accurate measurements taken in these investigations (all are more
recent than the data of fig. 19(a)).

On the average, at the lower Mach numbers the blade-element deviation
angles were about 1.5° less than the two-dimensional values at the tip,
1.0° greater at the hub, and equal to the two-dimensional values at the
mean region. Ranges of axial veloclity ratio covered for the data were
0.85 to 1.05 at the tip, 0.95 to 1.5 at the hub, and 0.90 to 1.15 at the
mean radius. A slightly increasing trend of variation with inlet Mach
number may be indicated at the mean radius and possibly also at the hub.

The double-circular-arc stator data available (solid symbols) are too
limited to permit any reliable conclusions to be drawn. It appears, how-
ever, that at the stator mean radius, the blade-element deviation angles
may be about 0.5° less than the two-dimensional-cascade values. This is
essentially the same trend cbserved for the 65—(Alo)-series stators at mean

radius in figure 19(a). Blade-element deviation angles appear to be
greater at the tip and smaller at the hub than the two-dimensional values.
Ranges of axial velocity ratio were 1.0 to 1.25 at the tip, 0.95 to 1.27
at the mean radius, and 0.9 to 1.30 at the hub.

Blade-element deviation angles and two-dimensional values predicted
by Carter's rule (eq. (6)) are compared in figure 20. Inasmuch as Carter's
rule results in values of two-dimensional deviation angle between 0.5° to
1.0° smaller than obtained from the modified rule of equation (5) for the
range of blade-element geometries Included in the data, the agreement with
the blade-element data remains quite good.

Summary Remarks

From the comparisons of measured and predicted reference deviation
angles for the NACA 65-(Ajg)-series and double-circular-arc blades, it

was found that the rules derived from two-dimensional-cascade data can
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satisfactorily predict the compressor reference blade-element deviation
angle in the rotor and stator mean-radius reglons for the blade configu-
rations presented. Larger differences between rule and measured values
were observed in the hub and tip regions. These differences can be at-
tributed to the effects of three-dimensional flow, differences in axial
velocity ratio, and measurement inaccuracy. As in the cascade, essen-
tially constant deviation angle with Mach number was indicated for the
Mach number range covered. Additional stator blade-element data, partic-
ularly for the double-circular-arc blade, are required to establish the
stator correlations more firmly.

APPLICATION TO DESIGN
Design Procedure

The foregoing correlations provide a means of establishing the ref-
erence incidence angle and estimating the corresponding deviation angle
and total-pressure loss for rotor and stator blade elements of compressor
designs similar to those covered in the analysis. This is accomplished
by establishing deduced curves of compressor blade-element incidence-
angle and deviation-angle corrections for the low-speed two-dimensional-
cascade rules of chapter VI. Reference incldence and deviation angles
for the compressor blade element are then given by

ig = 1z.p + (i¢ - 1z.p) (7)

and

8¢ = 83.p + (8¢ - 83.p) (8)

vhere i, p and 5%-D are given by equations (3) and by (5) or (6),

respectively. Curves of incidence-angle and deviation-angle corrections
deduced from the rotor blade-element data of figures 9, 11, 19, and 20
are shown as functions of relative inlet Mach number for several radial
positions along the blade height in figures 21 and 22. The curves 1n
figures 21 and 22 are faired average values of the data spread and,
strictly speaking, represent bands of values. In view of the very lim-
ited data available, compressor correction curves could not reliably be
established for the stator deviation and incidence angles.

Establishing single deduced blade-element loss curves at reference
incidence angle is a difficult task because of the scatter of the ex-
perimental data, especially in the rotor tip region. Nevertheless, for
completeness in order to illustrate the prediction procedures, curves of
average total-pressure-loss parameter as a function of diffusion parameter
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obtained from the data of figure 12 are shown in figure 23 for rotor and
stator. The shaded portion in the figure indicates the possible band of
values obtainable at the rotor tip.

The procedure involved in determining blade-element camber angle
and efficiency at reference incidence angle for a compressor design based
on the blade-row velocity diagram and the foregoing correlation curves 1is
now indicated. The desired blade-element turning angle (Bi - Bé) and

relative inlet Mach number Mi are obtained from the design velocity

3390

diagram. Camber and turning angles are related by the equation

¢ =Bl -Bp+8 -1 (9)

Compressor blade-element incidence (egs. (3) and (7)) and deviation (egs.
(5) and (8)) angles are given by

ic = Ki(ig)1o + n9 + (ig - ipp) (10)

m . . as°
58 = Ka(ag)lo + ’(;-5 ¢ + (10 - 12_D)<’51—,)2-D + (68 - Sg—D) (11)

Substitution of equations (10) and (11) into equation (9) and rearrange-
ment of terms yield:

. as® .
(B3 - BL)+ (83 -83_p) - (i¢ '12-D)[%‘O"<EE_>2_;]"Ki(lo)lO'+K5(68)lO
(p_—_
1- E% + n
a

(12)

All terms on the right side of equation (12) can be determined from
the velocity-diagram properties, the specified blade shape and thickness,
and the specifiled solidity. After the camber angle is determined, the
incidence and deviation angles can be calculated from equations (10) and
(11). Rotor blade-element loss parameter is estimated from the velocity-
diagram diffusion factor and the curves of figure 12. The total-pressure-
loss coefficient @' 1is then readily obtained from the blade-element sc-
lidity and relative ailr outlet angle. Blade-element efficiencies for the
rotor and complete stage can be computed by means of the techniques and
equations presented in the appendix. If the change in radius across the
blade row can be assumed small, hlade-element efficiency can be determined
through the use of figures 24 to 26 from the selected values of ®' and

the values of Mi and dbsolute total-pressure ratio or total-temperature

ratio obtained from the velocity diagram.
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The foregoing procedure can best be 1llustrated by a numerical ex-
ample. Suppose the following specified rotor design values represent
typical values at 10 percent of the passage height from the compressor
tip:

Bi = 56.9° A
t - RY — O
Bl B 10.9
M o= 1.1 obtained from velocity-diagram
B calculations (ch. VIII)
D =0.35
T2
= = 1.091
i J
g =1.0
assumed vaiues
t/c = 0.06 -

The problem is to find the camber, incidence, and deviation angles
and the total-pressure-loss coefficient for a double-circular-arc sirfoil
section that will establish the velocity-diagram values.

(1) From the value of Mj and figures 21(b) and 22(b),

. : _ 0 0 0 _ 0
lc - lz_D =4.0 SC - SZ-D = - 1.5
2) From the values of B!, o, and t/c¢ and figures 6 to 8 and
l) 2
13 to 17,
K; = 0.54 (io)lo = 4,40 n = -0.22 Kg = 0.37
ds°

(82)10 = 1.6° m=0.305 Db =0.714 (35')2 - 0.095

(3) When the values of steps (1) and (2) are substituted in equation
(12), the value of blade camber ¢ = 8.4°.

(4) From equations (10) and (11), i, = 4.5 and 58 = 2.0.
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(5) For calculation of the total-pressure-loss coefficient, the dif-
fusion factor (0.35) and figure 23(a) yield a value of (0.025) for the
loss parameter (@' cos Bé)/Zo, and

= - - - - 0
Bé = i (Bi Bé) 56.9 - 10.9 = 46.0

cos Bé 0.6947

Therefore,

= 0.072

mt
= _ (é cos Bé) 20 0.025x2

20 cos Bé T 0.6947

(6) For a negligible change in radius across the blade element, the
following values can be found from figures 24 and 25:

Py
= 0.962 Nag = 0.87 = = 1.31
1

[ o2

d
=]

The preceding example has been carried out for a typlecal transonic
rotor blade section. A similar procedure can be used for stator blade
sections when adequate blade-element data become available.

Summary Remarks

The foregoing procedures and data apply only to the reference point
(i.e., the point of minimum loss) on the general loss-against-incidence-
angle variation for a given blade element. The reference minimum-loss
incidence angle, which was established primarily for purposes of analysis,
is not necessarily to be considered as a recommended design point for com-
pressor application. The selection of the best incidence angle for a par-
ticular blade element in a multistage-compressor design is a function of
many conslderations, such as the location of the blade row, the design
Mach number, and the type and application of the design. However, at
transonic inlet Mach number levels, the point of minimum loss may very
well constitute a desired design setting.

At any rate, the establishment of flow angles and blade geometry at
the reference incidence angle can serve as an anchor point for the deter-
mination of conditions at other incidence-angle settings. For deviation-
angle and loss variations over the complete range of incldence angles,
reference can be made to available cascade data. Such low-speed cascade

data exist for the NACA 65-(Ajg)-series blades (ref. 25).
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It is recognized that many qualifications and limitations exist in
the use of the foregoing design procedure and correlation data. For best
results, the application of the deduced variations should be restricted
to the range of blade geometries (camber, solidity, etc.) and flow condi-
tions (inlet Mach number, Reynolds number, axial velocity ratio, etec.)
considered in the analysis. In some cases for compressor designs with
very low turning angle, the calculated camber angle may be negative. For
these cases it is recommended that a zero-camber blade section be chosen
and the Incidence angle selected to satisfy the turning-angle require-
ments. The data used in the analysis were obtained for the most part
from typical experimental inlet stages with essentially uniform inlet
flow. DNevertheless, such data have been used successfully in the design
of the latter stages of multistage compressors. It should also be remem-
bered that the single curves appearing in the deduced variations repre-
sent essentially average or representative values of the experimental
data spread. Also, in some cases, particularly for the stator, the avail-
able data are rather limited to establish reliable correlations. Consid-
erable work must yet be done to place the design curves on a firmer and
wider basis. The design procedures established and trends of variation
determined from the data, however, should prove useful in compressor
blade-element design.
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APPENDIX

EQUATIONS FOR BLADE-ELEMENT EFFICIENCY

By definition, for a complete stage consisting of inlet guide vanes,
rotor, and stator, the adisbatic temperature-rise efficiency of the flow
along a stream surface 1s given by

-1 ¥-1
C’z v 1 P\ (P2\ [P\ | | N
?I>ST (E’Z)GV(P—JL)R(P—;)S i
Nad,ST = 77, = T (A1)
(@ST o (ﬁ)R ’

From the developments of reference 26 (eq. (B8) in the reference), the
absolute total-pressure ratio across a blade row PZ/Pl can be related

to the relative total-pressure ratio across the blade row Pé/Pi accord-

ing to the relation

(A2)

Py (Pé> T
pr
Pl i
where (Pé/Pi)id is the ideal (no loss) relative total-pressure ratio.

The relative total pressure 1s also referred to as the blade-row recovery
factor. For stationary blade rows, (i.e., inlet guide vanes and stators),
(Pé/Pi)id is equal to 1.0. For rotors,the ideal relative total-pressure

ratio (eq. (B4) of ref. 10) is given by

1 7o\
ER AR INE )

in which My 1s equal to the ratio of the outlet element wheel speed to
the inlet relative stagnation velocity of sound (wrz/aé l), and (rl/rz)
2
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is the ratio of inlet to outlet radius of the streamline across the blade
element. (For a flow at constant radius (cylindrical flow), (Pé/Pi)id
is equal to 1.0.) Thus, from equations (Al) and (A2),

Fe .
Pl /s

ad,ST = (A¢)

r-1
(Pé> Y
T -1
P{ /g T_zY .
P T -
P1/R,1d

G
T1/r

From equation (B3) of reference 10, the loss coefficient of the
rotating blade row (based on inlet dynamic pressure) is given by

( (Pé> A
LN

f (n6)

For any blade element, then, from equation (A6),
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g

x_
1 P! T-1
N - o' 4l - = (A7)
. P r-1 2
1 1/id 1+ 'ET'(Mi)

The relations presented in equations (A4), (AS), and (A7) indicate
that four quantities are required for the determination of the blade-
element efficlency across the rotor or stage: the rotor absolute total-
temperature ratio, the relative total-pressure-loss coefficient (based
on inlet dynamic pressure), the relative inlet Mach number, and the
ideal relative total-pressure ratio. Thus, the blade-element efficien-
cies for a given stage velocity diagram can be calculated if the loss
coefficients of the blade elements iIn the various blade rows can be
estimated.

For simplicity in the efficiency-estimation procedure, effects of
changes in radius across the blade row can be assumed small (i.e.,
r| = rz), so that the ideal relative pressure ratio 1s equal to unity.

Then, equations (A4), (AS5), and (A7) become, respectively,

Y r-1
P4 Pp\ [T\T-1 /py\ |7
=] (=) (= = -1
C\Pifev \Fi/r \T1/r \FPlJs (48)
ad,sT = T,
T -1
1
1
x] 7

(EE) . (a9)
Ty /R

and

M)
M
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_ 1 r-1 (A10)
sT=1-@ 41 - A10
1 -
Pl 1+ 2L e

For purposes of rapid calculation and preliminary estimates, the
efficiency relations are expressed in chart form in figures 24 to 26.
The relation among relative recovery factor, blade-element loss coeffi-
cient, and inlet Mach number (eq. (AlO)) is presented in figure 24. A
chart for determining rotor blade-element efficiency from relative recov-
ery factor and absolute total-temperature ratio (eq. (A9)) is given in
figure 25. Lines of constant rotor absolute total-pressure ratio are
also included in the figure. Figure 26 presents the ratio of stage effi-~
ciency to rotor efficiency for various stator or guide-vane recovery
factors. The ratio of stage efficiency to rotor efficiency is obtained
from equation (Al) in terms of rotor absolute total-pressure ratio as

r-1

| P P P
ad, ST _ 1/R 1/GV 1/5] (A11)

1]ad,R y-1

-
Py

= -1
( 1>R

The charts are used as follows: For known or estimated values of
rotor total-pressure-loss coefficient o' and relative inlet Mach number

M{ of the element, the corresponding value of relative recovery factor
Pé/Pi is determined from figure 24. From the value of rotor-element

absolute total-temperature ratio TZ/Tl (obtained from calculations of
the design velocity diagram) and the value of (Pé/Pi) obtained from fig-

ure 24, the rotor-element efficiency is determined from figure 25. Rotor
absolute total-pressure ratio can also be determined from the dashed
lines in figure 25.

If inlet guide vanes and stators are present, the respective recov-
ery factors of each blade row are first obtained from figure 24. The
product of the two recovery factors is then calculated and used in con-
Junction with the rotor absolute total-pressure ratio in figure 26 to
determine the ratio of stage efficiency to rotor efficiency. A simple
multiplication then yields the magnitude of the stage efficiency along
the element stream surface.
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The charts can also be used to determine gross or mass-averaged

efficiencies through the use of over-all loss terms. Furthermore, the
charts can be used for the rapid determination of relative total-pressure-
loss coefficient from known values of efficiency, pressure ratio, and in-
let Mach number on an element or gross basis.
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TABLE I. - DETAILS OF SINGLE-STAGE ROTORS AND STATORS
Blade[Description |Outer Hub- Rotor Inlet Mach|Camber angle, Chord, Solidity, (Blade-chord { Blade maximum|Refer-
row 'diameter,!tip tip speed, |number, ©, deg ¢, in. c angle, v°, thickness- ence
1 in. ‘ratio ft/sec M deg chord ratio,
t/c
: Hub Tip | Hub | Tip| Hub | Tip | Hub | Tip Hub ITip
65-Series blade section
1 Rotor 14 0.5 552,828,994 |0.30-0.75 19.9 15.3 1.3111.31(1.010}0.590 30.8/56.4 10 10 27
! 1104,1214 :
2 Stator 14 .55 | 552,1104 .26« .73 30.1 30.1 1.3111.31 1} .996| .620 19.5/45.9 10 10 28
3 Rotor 30 .80 | 504,672,840 .36- .70 30.1 30.1 2.90(2.90{1.08 .906 28.8)45.9 10 10 29
4 Rotor 14 .50 1104,1214 .60- .80 [-30.1 30.1 1.31}1.31|1.010| .590 21.1]56.0 10 10 28
5 Rotor 14 .50 | 557,743 .39- .72 30.1 30.1 1.3111.31 | .962| .608 15.2| 32.0 10 10 28
<] Stator 14 .52 | 371,557,743 .22- .66 30.1 30.1 1.3111.31 ] .993| .631 16.2| 32.2 10 10 28
7 Rotor 14 .50 | 546 .35- .56 40.0 23.9 1.3111.31] .955| .600 21.0| 58.0 10 10 27
8 Rotor 14 .50 | 552,828,1104| .30- .86 40.0 23.9 1.31)1.31} .955]| .600 21.0|58.0 10 10 27
9 Rotor 14 .50 | 552,828,1104| .30- .76 40.0 23.9 1.31]1.31] .955| .600 21.0|58.0 10 10 27
1214
10 Stator 14 .53 412,617,823 .25~ .74 30.1 30.1 1.31)1.31| .970] .587 15.1]39.86 10 10 28
11 Rotor 14 .80 | 669,753,836 .52- .75 45.2 34.1 1.35]1.35 | .823 . .B892 21.4|35.4 (4 6 30
12 Rotor 14 .80 | 669,753,836 .49~ .75 45.2 34.1 1.35|1.35 1.12 943 21.4|35.4 & 6 30
13 Rotor 14 .80 | 669,753,836 .49~ .75 45.2 34.1 1.35|1.35|1.69 j1.35 21.4|35.4 6 6 30
14 Rotor 14 .80 | 600,736,874 .50- .92 30.3 19.4 1.4611.8211.20 |1.20 42.5(48.8 10 8 13
4 Clrcular-arc blade section
15 Rotor 14 0.4 600,800,1000(0.33-1.08 40.3 11.4 | 2.00/2.001.778]0.963 12.1| 46.7 8 5 31
1050
L16 Rotor 18 .5 600, 700,800 .38-1.07 28.3 7 1.5 [1.5 |1.83 {1.03 23.6|46.3 10 6 3z
i 900, 1000
S 17 Rotor 14 .5 600,860,900 W37-1.17 29.4 13.7 2.09|2.32 |1.28 |1.04 23.0|44.1 8 5 33
1000
18 Rotor 14 .5 800,900 .55-1.12 29.4 13.7 2.09(2.32| .85 .66 23.0|44.1 8 5 33
19 Rotor 14 .5 800,900,1000, .50-1.22 23.1 4.3 1.50(1.50|1.40 .825 17.4|51.3 10 S 19
1120
;20 Rotor 14 .5 800,900,1000| .4 - .82 23.1 4.3 1.50{1.50{1.40 .825 17.4/51.3 10 5 19
1120
21 Stator 17.36 .62 | 600,800,900 .41~ .63 52.0 52.0 3.25|3.25 [1.64 {1.07 10.0|10.0 7 7 34
22 Stator 17.36 .60 { 800,1000 .53- .66 20.6 20.0 2.66(3.23 |1.45 1{1.08 34.0|28.0 8 6 9
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Compressor
blade elements

Compressor axis

- CD-4360

Figure 1. - Compressor blade elements shown along conical surface of revolution
gbout compressor axis.
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Chord angle,
o .
Spacing, s

131

Deviation angle, &°

Outlet velocity, A2

{-Outlet—air

angle, Bé
Incidence
angle, 1
Inlet
Camber angle, @
velocity, 4 ’
|

Vl

Inlet-air

angle, Bi

Bi - B = air-turning angle
-—— Axis &

Figure 2. - Blade-element properties.
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Total-pressure-loss coefficient,

W

Reference

incidence
angle b/////
]/

~

- A >
I A1
2 -
2min
. \Reference
®min incidence
* angle

(a) Minimum loss.

Incidence angle, i, deg

(b) Mid-range.

Figure 4. - Definitions of reference incidence angle.
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Figure 5. - Schemstic diagram of single-stage-compressor test installationm.
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Blade maximum-thickness ratio, t/c
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Figure 6. - Thickness correction for zero-camber reference incidence angle
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Compressor reference incldence angle minus cascade-rule incidence angle, 1o -~ 1o pr deg
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Compressor reference incidence angle minus cascade-rule incldence angle, ic - 1, _p,
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blades of 10-percent maximum-thickness ratio (ch. VI).
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deviation-angle rule (ch. VI).
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CHAPTER VIII -

DESIGN VELOCITY DISTRIBUTION IN MERIDIONAL PLANE

By Charles C. Giamati, Jr., and Harold B. Finger

SUMMARY

A discussion 1s presented of the general flow equations and methods
to be used in determining the radial distributions of flow in the me-
ridional (hub-to-tip) plane of an axial-flow compressor when the required
performance 1s specified. The problem of determining the radial distri-
butions of flow is simplified by considering conditions at axlal stations
between blade rows where nonviscous, axisymmetric flow equations are
" applied. The analysis presumes the avallability of blade-element data on
deviation angle and on stagnation-pressure loss for all design techniques.
Methods for considering the effects of wall boundary layers on required
annulus area and mass-averaged stage performance are presented. A sample
stage design calculation is given.

INTRODICTION

The design of a multistage axial-flow compressor consists in the
successive design of several individual rotor and stator blade rows which
are then compounded to form the multistage compressor. As pointed out in
the general compressor design discussion of chapter III (ref. 1), the prob-
lem of blade-row design has been simplified by considering the flow in each
of two planes, the hub-to-tip or meridional plane and the blade-to-blade or
circumferential plane. The meridiocnal-plane solution determines the radi-
al distribution of flow conditions assuming that axial-symmetry conditions
apply, and the circumferential-plane solution determines the air-turning
characteristics through the blade element. A quasi-three-dimensional de-
scription of the actual flow is then obtained by juxtaposition of these

two solutions.

The results of experimental blade-to-blade investigations are de-
scribed in chapters VI and VII. These chapters present circumferentially
averaged blade-element performance characteristics as determined from two-
and three-dimensional cascades, respectively. The blade-element per-
formance is presented in terms of incidence angle, deviation angle, and
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stagnation-pressure loss as functions of cascade geometry, inlet Mach num-
ber, and (for three-dimensional cascades) radial position in the blade -
row.

The present chapter discusses the general flow equations and presents
methods to be used in determining the radial distributions of flow in the
meridional plane. The problem of determining the radial distributions
of flow is simplified by considering conditions only at axial stations
between blade rows. In these regions, equations for nonviscous axisym-
metric flow are applied to determine the design flow distributions when
the required performance (weight flow and turning or energy addition) of
the blade row is specified.

3374

Since the calculation involves the determination of the velocities
from the inner wall to the outer wall of the annular flow area, it is
apparent that some consideration must be given to the boundary-layer
accumulation on these walls. The most accurate and complete procedure
requires a knowledge of the distribution of entropy from wall to wall as
well as a knowledge of the rotor energy input across the entire annulus
area including the boundary-layer region. Since complete data for this
type of calculation are not currently available, simpler design techniques
are required. Essentially, these simpler techniques involve computing
the flow variables as if no wall boundary layer existed. Boundary-layer
correction factors are then applied to determine the required geometric
annulus area and mass-averaged stage performance (efficiency, tempera-~
ture rise, and pressure ratio).

Since the determination of the flow conditions and annulus area con- -
figuration after each blade row in the compressor requires solution of
the fundamental flow equations, the first part of this chapter is concerned
with the development of the general flow equations. The assumptions and
simplifications that are made to permit solution of the equations are
then discussed. The equations are applied to determine the design ve-
locity distribution in the meridional plane after a blade row. The nec-
essary boundary-layer correction factors are indicated. In addition,
the selection of design variables is discussed. A numerical example is
then carried out with the equations and methods presented.

SYMBOLS
The following symbols are used in this chapter:

Ap frontal area, sq ft

a speed of sound, ft/sec
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4 curvature of meridional streamline, re71

c specific heat at constant pressure, Btu/(1b)(°R)
D diffusion factor

#  blade force acting on gas, 1b/1b

g acceleration due to gravity, 32.17 ft/se02

H total or stagnation enthalpy, Btu/1b

J mechanical equivalent of heat, 778.2 ft-1b/Btu
Kyyx welght-flow blockage factor

K energy-addition~correction factor

Kp pressure-correction factor

Kﬁ efficiency-correction factor

M Mach number

n polytropic compression exponent

P total or stagnation pressure, 1b/sq ft

P static or stream pressure, ib/sq 't

Q external heat added to gas, Btu/(1b)(sec)

R  gas constant, 53.35 ft-1b/(1b)(°R)

r radius, ft

rp Tradius of curvature of streamline in meridional plane, ft
S entropy, Btu/(1b)(°R)

T total or stagnation temperature, CR

t static or stream temperature, °R

U rotor speed, ft/sec

u internal energy, Btu/lb
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v air velocity, ft/sec

W welght flow, lb/sec

Z coordinate along axis, ft
B air angle, angle between air velocity and axial direction,
deg
Y ratio of specific heats
o} ratio of total pressure to NACA standard sea-level pressure of

2116 1b/sq ft
¥  boundary-layer displacement thickhess, ft

£ angle between tangent to streamline projected on meridional plane
and axlal direction, deg

n efficiency

6 ratio of total temperature to NACA standard sea-level tempera-
ture of 518.7° R

Y kinematic viscosity, sq ft/sec

0 density, 1b-secZ/ft4

a solidity, ratio of chord to spacing
T time

& viscous dissipation of energy, Btu/(cu ft)(sec)

194 work-done factor

» angular velocity of rotor, radians/sec
® total-pressure-loss coefficient
Subscripts:

a stagnation conditions

ad adiabatic
av  average

d design value neglecting wall boundary layer

3374
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h hub

i reference position, radial station where variables are known
id ideal

m meridional

m.&a. mess-averaged value
P polytropilc

R rotor

r radial direction

S stator

ST stage

t tip

axial direction

&

B,y7, radial design stations at 10, 30, 50, 70, and 90 percent of
£ blade helght from tip, respectively

o Q
. e

e tangential direction

0 station ahead of guide vanes
1 station at rotor inlet

2 station at stator Inlet

3 station at stator exit
Superscript:

! relative to rotor

STATEMENT OF DESIGN PROBLEM

Specification of Compressor Performance and Configuration Requirements

The design of the axial-flow compressor begins with the determina-
tion of the over-all performance specifications obtained from the over-all
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engine and airplane requirements. In general, the engine inlet-air con-
ditions (pressure, temperature, and density), engine thrust, engine air
flow, turbine-inlet temperature, and compressor pressure ratio are fixed by
cycle and flight-plan analyses such as are discussed in chapter II (ref.
1). The compressor-inlet hub-tip diameter ratio, the component tip diame-
ters, the compressor rotational speed, the compressor-inlet axial velocity,
and the compressor-discharge velocity are then determined considering the
compressor efficiency, turbine stresses, compressor stresses, performance
of the various components, engine weight, and engine space limitations in
the airplane. The interrelation of some of these factors (compressor air
flow per unit frontal area, compressor pressure ratio, rotational speed,
turbine size, and turbine stresses) is discussed in reference 2. It
should be emphasized that a large number of compressor configurations are
possible for given over-all performance requirements. The choice of a
given configuration is based on a compromise among the various performance
and geometric parameters. This compromise depends in turn on the intended

use of the engine.

Flow and Geometry Conditions to Be Determined

The design procedure involves an iterative solution of the flow
equations after each blade row. Thus, the flow conditions and hub and
tip diameter after the first blade row must be calculated from the known
inlet and the specified design conditions. The blade-element loadings
and Mach numbers selected must be consistent with the attainment of low
loss as indicated by the loss data presented in chapters VI and VII. The
resulting flow must also be acceptable to the following blade row. After
a satisfactory solution for these conditions has been found, the resulting
flow distribution after the blade row becomes the inlet condition for the
following row. The flow conditions and geometry of the second blade row
are then determined. The same procedure is repeated all through the
machine until the desired over-all pressure ratio and discharge velocity

are obtained.

When the flow conditions have been calculated after a given blade
row, the blade sections may be selected to give the desired air turning or
the desired blade work. The incidence- and deviation-angle data correlated
in chapter VII may be used to assist 1n this selection. Some consideration
of off-design performance may be required in the selection of blading. In
addition, the loss correlations that are presented in chapter VII enable
the designer to reestimate the originally assumed blade-element losses for
the particular blade configuration selected. These reestimated loss data
are then used to recalculate the flow distribution after the blade row

by the methods of the present chapter.
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GENERAL EQUATIONS

The basic equations that apply to the general case of the flow of a
real compressible fluid through a turbomachine can be formulated from the
conservation laws of matter, momentum, and energy, along with the thermo-
dynamic equation of state. As pointed out in reference 3, these general
basic equations of the flow can be stated as follows:

The equation of state for a'perfect gas:

P = gpRt (1)
The energy equation:
-1
Du Do~ _ 2
e TP ot T Q+ P (2)

The continulty equation:
3 —_
5%+v-(pv)=o (3)

The Navier-Stokes equation:

an?l = g% - % Vp + v[vz(\_f) +3 V(V"—’)] (4)

Basic Assumptions

The simplifying assumptions usually made 1n the treatment of the
problem of flow through axial-flow compressors are as follows:

(1) The general flow equations are applied only to compute flow dis-
tributions between blade rows where blade forces are nonexistent.

(2) The flow is assumed to be steady and axially symmetric. The
theoretical significance of this assumption is discussed in chapter XIV
(ref. 4). However, when blade-element data including some of the effects
of unsteady asymmetric flow conditions are used in calculating the veloc-
ity distributions, the errors introduced by this assumption are expected
to be small.

(3) The local shearing effects of viscosity (between blade rows) are
neglected by dropping the viscosity terms in the flow equations. However,
the accumulated effects of upstream viscous action in increasing entropy
are considered by use of experimentally determined blade-element
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performance. Empirical corrections are also made when required for wall
boundary-layer effects on required flow area and mass-averaged energy
addition and efficiency.

(4) Heat transfer is neglected.

Simplified Flow Equations

As a result of the preceding assumptions and the use of the defini-
tion of entropy, the general flow equations may be combined and restated

as follows:

Je(Ey - 1) = of(rVe)z - (xVe)1] = (Welp - (UWWg)y = Jecy(T, - Tp)

(5)
V(pV) = 0 (6)
JgVH = JgtVs + Vx(VxV) (7)

Equation (5) relates the change in stagnation enthalpy along a
streamline at axial stations ahead of and behind a rotor blade row to
the change in angular momentum and the angular velocity of the wheel.
Of course, the stagnation enthalpy is constant along & streamline passing
through a stator blade row if it is assumed that the heat transfer from

streamline to streamline is negligible.

Equation (6) states the law of conservation of matter, which, for
application to compressor design, may be expressed as

r
t,1
Wl = Bng f p]_VZ’lrl d_'['l = W2 (8)

n,1

This equation will be discussed in detall in a later section with refer-

ence to boundary-layer blockage corrections and with reference to applica-

tion of the flow equations in the design procedure.

Equation (7) is referred to as the equilibrium equation for the
fluid between the blade rows.

SOLUTIONS OF EQUILIBRIUM EQUATIONS

The equations presented in the preceding section may be solved in
several ways within the assumptions stated. Most of these solutions
differ only in the simplifications made in the equilibrium equation

(eq. (7))-
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Since the design methods presented here are concerned with finding
the radial variation of flow at a specified axial station, the radial
component of equation (7) is applicable. For the assumed axially symmet-
ric flow between blade rows, this component equation is

2
Teop Sr m B S+ Vo5t 1+ V5% - Va5 (9)

As in the method of reference 5, it has generally been assumed in

design applications that the meridional velocity Vi = VE + V% 1s
given by the axial velocity V, and that BVr/BZ = 0. Such a condition

(generally referred to as the "simplified-radial-equilibrium" condition)
has been successfully used in low-aspect-ratio and lightly loaded blade-
row designs. However, a less restricted design solution may be necessary
for high Mach number, highly loaded designs. Several analyses (refs. 3
and 6 to 9) have been made to determine the factors influencing the
meridional velocity distribution. The analysis of reference 3 considers
the effect of the radial motion resulting from velocity-distribution
changes through a blade row and evaluates the magnitude of this effect
for several cases by assuming that the air flows through the compressor
along sinusoldal streamlines. The analyses of references 6 and 7 for
incompressible flow also consider the effects of radial motion due to
velocity-distribution changes through the compressor. These analyses
conslder the effects of the velocity induced by the gradients in circula-
tion or vorticity along the blade on the velocity distribution ahead of
and behind the blade row. The procedure permits evaluation of the mutual
interference effects of blade rows in the multistage compressor. These
analyses neglect the radial motion due to the blade blockage resulting
from blade thickness variations. Reference 8 presents a simplified analy-
sls of the effect of the radial variation of blade thickness on inlet ve-
locity and incidence-angle distributions. This analysis also assumes
axial symmetry but makes a correction in the flow continuity relation for
blade thickness. In general, the higher the inlet Mach number, the greater
the variation in the axial velocity from hub to tip.

All the preceding investigations neglect the effects of gradients of
entropy on radial distributions of velocity and therefore are not directly
applicable in regions of high loss. Reference 9 applies experimental
data to determine the relative magnitudes of the effects on velocity dis-
tributions of the entropy-gradient term for a wide variety of axial-flow-
compressor blade rows. Although vast differences generally exist in the
shapes of the velocity distributions in the inlet and the outlet stages
of the multistage compressor, essentially the same techniques (assuming
a knowledge of the entropy distribution across the annulus) can be used
to calculate the velocitles. Consideration of the entropy gradients was
particularly necessary in the rear stages, where the accumulated effects
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of viscosity noticeably affected the velocity distribution. On the other
hand, the complete radial acceleration term appeared to be significant
for the highly loaded inlet stages investigated, where the wall curva-
tures were large.

The following discussion presents the various forms of the radial-
equilibrium equation that may be used in the compressor design procedure.

Simple-Radial-Equilibrium Equation Neglecting Entropy Gradients

3374

The simplest solution of the radial-equilibrium equation (eq. (9)),
usually referred to as the "simple-radial-equilibrium solution," has
been widely used in compressor design. It 1s arrived at by assuming
(1) that the derivative of V, with respect to z 1is zero, and (2) that

the derivative of S with respect to r 1is zero. These assumptions are
made, of course, only at the fixed value of z. The resulting equation
is

dv, Ve dV
Jecy %% = Vg ‘5% + ?? +V, —8% (10)

which is referred to herein as the "isentropic-simple-radial-equilibrium"
or "isre" equation. In this case, "isentropic" refers simply to the con-
dition of radially constant circumferentially averaged entropy within the
space between blade rows outside the boundary lsayers. Thus, the entropy
of the flow may still change through the blade row.

Equation (10) may be integrated between any two radial positions in
the free-stream region of the annular flow area at an axial station be- .
tween blade rows. For purposes of a design procedure, it is most con-
venient to integrate between some reference radius, at which the dependent
variables are known or assumed, and the other radial positions. The re-
sulting integrated form of the isre equation is

r
2 2 2 2 zvg
Vi - V3,1 = 289 (r-my) - (Vg - Ve’i) - ] — dr (11)
i

The radial variation of axial velocity or Vi - Vi,i at the blade-row
outlet is obtained by prescribing either the stagnation-temperature or
tangential velocity distribution after the blade row. These two parame-
ters (stagnation temperature and tangential velocity) are related by equa-
tion (5) for the known flow conditions at the inlet of the blade row.

As will be shown later, the value of the reference axial velocity Vz,i
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is assigned and the mass continuity condition is applied to determine the
required annulus area. For those cases in which the annulus area is
specified, the reference velocity is determined by application of the
continuity relation.

A series of charts is presented in chapter IX to permit rapid so-
lution of equation (11).

Simple-Radial-Equilibrium Equation Considering
Radial Gradients of Entropy

The major effect of upstream viscous action i1s manifested by an in-
crease in the entropy of the flow. The major effects of viscosity on the
axial velocity distribution are, therefore, accounted for in the radial-
equilibrium equation through the use of the term involving the radial
gradients of entropy. Thus, the equation presented here is obtained from
equation (9) by assuming only that the derivative of the radial velocity

V.. with respect to the axial distance z 1s zero. Equation (9) then

becomes

2
dT 3s Vg Vg oV,
p -ty Ve Tt e (12)
Equation (12), hereinafter referred to as the "nonisentropic-simple-

radial-equilibrium" or "nisre" equation, may be integrated between two
radial positions at an axial station between blade rows to give

6
2_vy2 = o, - _(v2 _vy2 y_ A
VZ-VZ,i-zchp (T-174) - (V§ Ve’i) 2 LT dr - 2JgR t o dr

(13)

The nisre equation can be solved in the same manner as the 1sre
equation, except that the entropy term must be evaluated. By the defini-
tion of stagnation conditions, stagnation entropy 1is identically equal to
static entropy at any gilven point. Therefore, the change in the entropy
along a streamline from the inlet to the outlet of a blade row may be
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expressed as

of
J(§)2 - J(i)l = 1In —1—P2—— (14)
Py

b -

In the design procedure, the temperature ratid is assumed or is deter-
mined from a specified variation in tangential velocity by use of equa-
tion (5). The stagnation-pressure ratio may be related to the stagnation-
temperature ratio in terms of either a polytropic blade- element efficiency

np, or a stagnation-pressure-loss coefficient .

When the polytropic efficiency or polytropic compression exponent
is used, the stagnation-pressure ratic is glven by

n-1
P T T
@) @

The blade-element data. of chapters VI and VII present the blade-
element loss in terms of . When these data are used, i1t is more
convenient to express_ the stagnation-pressure ratio across the blade
element in terms of ', stagnation-temperature ratio, and inlet-air
Mach number relative to the blade element. The expression for pressure

ratio is restated from chapter VII as

ol S
v-1

500 [1e 52 0] (o)

el
o
=Y e?
o
5y

e

where

J_
T-1

no ol s

' 2
<.P_2'> — 1+.t_1..(_2)__ l
0 = 1 -
P id 2 YgRTl

This equation holds for both rotor and stator when the appropriate in-

dices are used.

3374



ZAS

NACA RM E56B03a 169

The ideal relative pressure ratio (Pé/Pi)id
1.0 for those cases in which the variation in the streamline radius
across the rotor is negligible, a condition obtained in high hub-tip
ratio or lightly loaded blade rows.

can be taken equal to

For convenilence in the design procedure, any upstream station at
which the entropy is essentially constant radially - for example, the
compressor-inlet station O - is used as the reference station. There-
fore, the radial variation of entropy 1is, from equation (14),

O/

2 )
Fz lln

O
(17)
R
Fo
The static temperature appearing in the second integral of equation
(13) can be expressed in terms of the velocity components and stagnation
temperature as follows:

2 2
Jct—JcT-YQ-ZZ——V-g (18)
BCpt = JECp 5 "2 2

For the simplified-radial-equilibrium solutions, the radial velocity

term is neglected in equation (18). In general, this V, component

can be neglected in the stages with high hub-tip ratio without introduc-
ing significant errors in static temperature. 1In the stages with low
hub-tip ratio (where wall slopes may be large), however, V. may have to
be considered in this equation by estimating a streamline slope in the
meridional plane and expressing V, as a function of V, and this slope.

Radial-Equilibrium Equation Considering Radial Accelerations

As pointed out in the previous discussions on the simple-radial-
equilibrium equations, high hub-tip radius ratio and 1lightly loaded blade
rows have been successfully designed by assuming that the meridional ve-
locity Vp dis equal to the axial velocity V, and that the gradient of

radial velocity V, along the axial direction is zero. In this case,

the radial gradient of static pressure is
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However, for high-aspect-ratio, highly loaded stages, the effects
of streamline curvature become significant. In this case, the contribu-
tion of the radial acceleration of the meridional velocity to the pressure
gradient in the radial direction must be considered. The radial gradient
of static pressure for this general case of curved streamline flow may be

stated as
2
_(1_1_)_=Q<XZ_G_+Vm cos€>

r I‘g

where the angle & 1is the angle of the streamline with respect to the
axial direction, and Ty is the radius of curvature of the streamline.

An accurate determination of the radius of curvature of the stream-
line and the slope of the streamline (which determines the angle €)
requires a knowledge of the shape of the streamline through the blade
row. The streamline configuration is a function of the annular-passage
area variation, the camber and thickness distribution of the blades in
the radial and axial directions, the blade forces existing within the
blade row, and the flow angles at inlet and discharge of the blade row.
Because the effects of radial acceleration have been small in conventional
subsonic-compressor designs, very little information 1ls available con-
cerning the relative importance of each of these variables in determining
the effects of radial accelerations in the highly loaded designs now being
studied. The usefulness of several methods that have been proposed for
evaluating these radial accelerations has, therefore, not yet been
established.

Several analyses, such as the work of references 10 and 11, have
been applied to determine velocity distributions throughout the flow
field in high-solidity mixed-flow compressors and axial-flow turbines.
These procedures require estimation of a streamline-orthogonal flow sys-
tem through the blade row. The distribution of velocity along the or-
thogonal is then determined from the known inlet conditions, a mean alr-
turning variation along each streamline, and a blade thickness variation
along each streamline. Since this method requires estimation of the
streamlines as well as a knowledge of the blade configuration, it is ap-
parent that it becomes an iterative solution.

An approximate evaluation of the radial acceleration term is also
made in reference 3 by assuming the streamline shape to be sinusoidal.
A similar technique for evaluating the effect of radial accelerations 1s
applied in reference 12. The analysis of reference 3 further assumes
that the product of the radial velocity at a given axial station between
blade rows and the axial gradient of axlal velocity is negligible and
that the slope of the streamlines at this axial station is zero. There-
fore, for the assumptions of reference 3, the last term (the radial-flow
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term) of equation (9) may be expressed as

ov
r 2
Y2 73z =%V,

Results obtained with this procedure are shown in reference 13 to agree
with results obtalned from the general three-dimensional-flow solution
described in reference 14 for a single-stage nontapered-passage
compressor.

In addition to the preceding analyses, which attempt to consider the
effects of the blades on the streamline configuration through the blade
row, several analyses, such as the work of references 15 to 17, present
methods of estimating the effects of radial velocity and curvature terms
from simplified calculations of the flow only between blade rows. In
these solutions, a set of smooth streamlines is estimated through the
compressor stage on the basis of the velocities calculated between blade
rows. It is apparent that these methods do not consider the effects of
the blade thickness and camber distributions and the effects of the blade
forces on the streamline curvature.

In view of the present meager knowledge of the effects of the various
design parameters on the radial acceleration terms in the general flow
equations, 1t seems reasonable to use the simpler methods of accounting
for these effects as stop-gap design measures. In addition, it may be
desirable at the present time to try to alleviate the conditions leading
to large radial accelerations. In the case of highly loaded designs
having high aspect ratios, one technique for reducing the effects of ra-
dial accelerations is to taper the tip of the compressor inward so that
the hub curvature 1s reduced. Definitive experimental and analytical work
is still required to evaluate the various techniques that have been sug-
gested for computing velocity distributions including the effects of ra-
dial accelerations.

CONSIDERATION OF WALL BOUNDARY-LAYER EFFECTS

The equilibrium equations that must be solved in determining the
meridional distribution of flow conditions between blade rows in the
axial-flow machine were discussed in the preceding section. When the
simple-radial-equilibrium equations are suitable, a procedure similar to
the following 1s required to execute a blade-row design if the inlet con-
ditions are given:

(1) The tip radius at the blade-row discharge is specified.
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(2) The axial and tangential velocities at the tip radius after the
blade row are assumed. These values must be consistent with the con-
siderations for low losses and compatible with the requirements of the
following blade row.

(3) The radial distribution of tangential velocity after the blade
row is specified.

(4) The radial distribution of energy addition in the blade row is
determined from the known inlet conditions and the specified distribution
of tangential velocity by use of equation (5).

(5) The radial distribution of loss and, therefore, entropy is as-
sumed based on blade-element data taken in a similar flow environment.

(6) The radial distribution of axial velocity is calculated.

(7) The radial distributions of all other flow properties are
calculated.

(8) The continuity condition is used to calculate the hub radius from
the known tip radius and mass flow and the calculated distributions of
axial velocity and density.

When the radial acceleration terms associated with streamline curva-
ture become significant, this procedure may be considered as an initial
step in the design system. It then becomes necessary to recalculate the
radial distributions of axial velocity and other flow properties (items
(6) and (7)) and to determine a new hub radius (item (8)).

This technique is referred to as method I. The critical information
in this solution is the radial distribution of loss or entropy from wall
to wall. Figure 1 illustrates a form of the entropy distribution that
might be encountered after a blade row in a compressor. The large rise
in entropy at the end walls results from the losses in the wall boundary
layers. Across the major portion of the flow passage, the entropy varia-
tion is illustrated as being relatively small. It must be emphasized that
(as indicated in ref. 9) some cases have been encountered where the
variation of entropy is large even in the main stream. In any case, the
"nonisentropic" equations can be applied to determine the velocity dis-
tribution even into the boundary layers if means of predicting the
entropy distribution are available. This procedure would be a direct
process near the tip, since the tip radius is specified. Near the hub,
however, the entropy and other flow properties could not be determined
until after the hub radius is known. Therefore, iteration procedures
muist be used near the hub for this complete solution. The distribution of
flow properties and the annulus area determined from these procedures
then permit calculation of the mass-averaged energy addition, pressure
ratio, and efficiency for the stage.
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It is, of course, apparent that the determination of the entropy
distribution from wall to wall for all the possible design velocity dia-
grams, blade-row geometries, and locations in the multistage compressor
would require very extensive tests of many different compressors. Such
detailed information requires the analysis of much more miltistage-
compressor data than are currently available. Substitute techniques for
the determination of the annulus area after the blade row and the mass-
averaged efficlency, energy addition, and pressure ratio have therefore
been used.

One such technique (referred to in this report as method II) involves
dividing the flow passage into three parts, the tip boundary layer, the
mainstream region, and the hub boundary layer. In the process of solu-
tion of the equations, the wall boundary-layer regions are actually
treated as one region. The velocities across the annulus are computed
by the previously itemized procedure assuming that no wall boundary layer
exists. The entropy distribution used in the determination of the ve-
locities is obtained from the blade-element loss data presented in chap-
ter VII. If, as is illustrated in figure 1, the entropy gradient is
small in the main stream, then the velocity distribution may be computed
using the isre equation (eq. (10) or (11)). If the blade-element loss
data indicate a large variation of entropy in the main stream, then the
nisre equation (eq. (12) or (13)) must be used to determine the velocity
distributions.

The effects of the wall boundary layers on the required annulus area
and on the mass-averaged energy addition, pressure ratio, and efficiency
are determined in method II from the velocity distributions calculated
assuming appropriate "gross" correction factors and the absence of wall
boundary layers. Although the evaluation of these gross correction
factors will also require extensive compressor testing and analysis, it
is anticipated that the general correlations with velocity-diagram pa-
rameters and enviromment may be more readily attainable than those for
the detailed entropy distributions in the boundary layers. In addition,
indications of the magnitudes of these gross correction factors may be
obtained from comparisons of design and measured velocities in the main-
stream region.

The general effects of wall boundary layers on rotor performance are
indicated in figure 2. This figure 1s an example of a design that has
been worked out for constant mass flow (fig. 2(a)) and energy addition
(fig. 2(b)) along the radius without considering the effect of the end-
wall boundary layers. The isre solution was used to determine the ve-
locities across the annulus from the specified energy addition (fig.
2(b)), assuming that the stagnation-pressure loss was constant along the
radius (fig. 2(c)) and that the effects of the wall boundary layers could
be neglected. For such a design, the conditions that might be measured
in the flow annulus when the mainstream flow conditions are the same as
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the design conditions are indicated by the dashed curves. It is apparent

that the integrated weight flow is less than the design weight flow and -
the mass-averaged energy addition or temperature rise and the mass-
averaged pressure ratio may differ from the design value. The average
values of mass flow, temperature rise, and pressure ratio are indicated
on the figure as the dot-dash lines. Therefore, three correction factors
are required in method II to account for the presence of the wall bound-
ary layers. An annulus-area correction must be applied to account for the
blockage effect of the wall boundary layer so as to ensure the attainment
of the design weight flow; a temperature-rise factor must be applied to
calculate the mass-averaged energy addition for the blade row at this
design weight flow; and a pressure-ratio factor must be applied to permit
calculation of the mass-averaged pressure ratio.

3374

Another system of correction that has been used extensively involves
specifying the annulus area and adjusting the axial velocity level across
the mainstream region by the continuity equation to ensure the attainment
of the design weight flow. This method of design and correction involves
principally a rearrangement of the previously enumerated design steps.
Other correction factors are still necessary to permit calculation of the
mass-averaged energy addition and pressure ratio.

It must be emphasized that, in all the techniques described, the
velocities across the mainstream region of the annulus area and the an-
nulus area geometry are calculated with blade-element loss or efficiency
data obtained from stages operating in environmental conditions similar
to those of the stage being designed. Such blade-element data, princi-
pally for inlet stages, are presented in chapter VII.

For those cases where blade-element loss data are not available or
where a general design review of a large number of multistage compressors
is required, a blade-row and stage mass-averaged efficlency may be assumed
to determine the total pressure at each blade element from the specified
energy addition. It is assumed in this approach that the blade-element
efficiency is equal to the blade-row mass-averaged efficiency. Although
this 1s admittedly not an exact approach, it has been found to give rea-
sonable design accuracy and serves as an extremely useful tool, especially
as a first roughing-out step in the design procedure. This method is
referred to in the present report as method III. It is described in de-
tail and applied through the use of charts in chapter IX. The method
usually assumes that the correction for determining mass-averaged energy
addition is negligible. A correction is required for wall boundary-layer
blockage in determining the annulus area.

The following discussion is concerned with the boundary-layer cor- -
rection factors required in method II for the calculation of the annulus
geometry and the mass-averaged temperature rise and pressure ratio.
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Although only very limited amounts of blade-element data and boundary-
layer correction data are available, it 1s felt that this method offers
the basis for an accurate design system.

Correction for Welght-Flow Blockage Factor

The correction for weight-flow blockage factor is intended to ensure
the attainment of the design weight flow with the design velocity dis-
tribution over the major portion of the annulus area. Because of the
lack of extensive data on the boundary-layer characteristics in the com-
pressor, an empirically obtained correction factor that is applied as a
gross boundary-layer blockage factor has usually been applied. Although
this empirical correction factor leaves much to be desired, it has been
used successfully in design. This gross blockage factor is designated
by Kyi and is defined by the following continuity equation:

#*
r, . r r, -5
t t t 7t
w = ng f PV, a(r?) = Kbkngf [pVZ d(rz)]d = ng f . l:pVZ d(rz)]d
r r
h

h rp+op
(19)

The subscript d refers to design values calculated across the annulus
as if no wall boundary layer were present. In essence, this gross block-
age factor involves the determination of the ideal (no boundary layer)
velocity distribution required to pass a flow greater than the design
flow. For a given value of tip radius, the hub radius 1s thus decreased
as  Kpy is decreased (or boundary-layer allowance 1is increased).

Very little useful data regarding the best values of blockage factor
are currently available from multistage-compressor investigations. Ref-
erence 15 suggests values of 0.98 for inlet stages and 0.96 for all
others. Some single-stage data indicate blockage factors of 0.96 after
both rotor and stator. These blockage factors are not expected to be the
same for compressors differing in size, axial velocity diffusion, chord
length, and so forth.

Correction Factor for Stagnation-Temperature Rise
Besides occupying space and thereby affecting the weight flow, the
wall boundary layer causes the mass-averaged energy addition or
stagnation-temperature rise to differ from the design value when the main-
stream velocities are equal to the design values. Application of the
blockage-factor correction does not eliminate the need for the temperature-
rise or energy-addition factor in computing the mass-averaged temperature
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rise for the stage from the design velocities. This temperature-rise or
energy-addition factor Ke can be defined by the following equation:
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It should be emphasized that the temperature-correction factor is

used only in calculating the mass-averaged energy addition once the deslgn

velocity distributions and the annulus area geometry have been determined
in the design process. It does not influence the design velocity diagram
or the hub radius.

In most cases, the temperature-rise-correction factor is assumed
equal to 1.0. However, analysis of limited data taken on the single-
stage rotor of reference 18 indicates that a value of 1.03 for the
temperature-rise-correction factor may be more reasonable. More exten-
sive and precise data are still required.

Correction Factor for Stagnation Pressure

_ In the design procedure, the value of the stagnation-pressure loss
@ &t any bilade element in the mainstream region can be estimated from
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the velocity diagram by using the correlation of diffusion factor with
@ presented in chapter VII. This method tends to give a higher mass-
averaged value of stagnation pressure at a blade-row outlet and higher
mass-averaged efficiency than are actually achieved, since conslderation
of the wall boundary layer 1s not completely included in the blade-
element data. Hence, a correction for the wall boundary layer must be
applied in determining the mass-averaged pressure ratio. This pressure-
ratio correction factor Kp can be defined by the following equation:

( t,2 Y X
=L r-1
K ARS 1]|pVv_ d(r2)
PKpk i - PV, T2 4
<E§) = "h,2 + 1.0
P e, PN f
Kpx Eavz a(r2) 2,4
Th,2
L J
.
r t,2 L"_l N\NT-1
P, Y ,
(ﬁ) -t Evz i ﬂz,d
r
= JKp Tt : +1.0%
t,2 .
[;Vz a(r ﬂ 2,4
Th,2
L J (21)

Limited data on the rotor with 0.4 hub-tip dlameter ratio described
in reference 18 indicate that the value of Kp may be approximately 1.0

after a rotor. These data were taken from an inlet-stage rotor where
wall boundary layers were small. Detalled data after stators are not yet

available.

A knowledge of the mass-averaged temperature rise and the mass-
averaged pressure ratio permits calculation of the mass-averaged
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efficiency by the following equation:

-1

——

"
T -1
1/m,.s

TIm.a,. = <T (22)
_2> 1
T m.a.

It is apparent that an efficiency correction similar to the temperature-
rise- and pressure-ratio-correction factors may also be applied to deter-
mine the mass-averaged efficiency of a stage if the average efficiency
based on the mainstream velocities and blade-element losses is known.
Thus, the average rotor efficiency is obtained by multiplying the effi-
ciency calculated from the mainstream flow conditions by the efficiency-
correctlon factor. As a result of the correction factors determined from
the data of reference 18 for the temperature rise and the pressure

ratio, the efficiency correction K; for the rotor was found to be

approximately equal to 0.97.

Work-Done-Factor System

A boundary-layer correction procedure that has been wildely used by
British designers (refs. 19 to 21) includes the "work-done" factor, which
is used to estimate stage temperature rise from design values of axial
velocity and air angles. In this case, the hub and tip radil of the blade
row are prescribed. For a given weight flow through the blade row, the
effect of the wall boundary layers 1s to increase the axlal velocities
above the design values across the mainstream portion of the annulus and
to decrease the axial velocity near the end walls as shown in figure 3.
Because of the high values of velocity over the major portion of the
annulus, the mass-averaged energy addition at the design flow is lower
than the design value (i.e., the low mass flow at the end walls does not
weight the temperature rise in thils region enough to compensate for the
central-portion deficit in work), resulting in less "work done." Thus,
the actual stage temperature rise is lower than that predicted on the
basis of the design values of velocity and air angles. The work-done
factor 8 1is defined in reference 19 by the following relation:

cpJeAT = (UpV, 5 tan By - UyV, 1 tan By)g

where the flow parameters are the ideal values calculated assuming that
wall boundary layers do not exist.
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Although 1t was developed for designs with free-vortex velocity
diagrams, the work-done factor has since been applied to other types of
diagrams. It 1s necessary in this system to set the blades (on the basis
of the design velocities) at an incidence angle higher than the optimum
value. The higher velocities actually obtained across the main stream
will then produce incidence angles close to the optimum values.

Thus, the design velocity and blade-angle distributions are set so
as to ensure that application of the work-done factor will result in the
desired energy addition. It is then usually assumed that the major part
of the correction for boundary-layer blockage has been considered by
application of the work-done factor.

SELECTION OF DESIGN VARIABLES

The design calculation of the multistage-compressor blade rows re-
quires first the specification of certain aerodynamic and geometric
characteristics. Among these are the inlet values of hub-tip radius
ratio, weight flow, and wheel speed; the variation through the compressor
of blade loading, axial velocity, and tip diameters; and an additional
parameter specifying the radial distribution of work or velocity in each
stage. ©Since the emphasis in alrcraft compressors is for high mass flow
per unit frontal area and high pressure ratio per stage, the discussion
of the selection of design variables 1s slanted toward achieving these
goals.

The selection of design variables and the entire design procedure
involve an iterative process in which compromises are necessary at each
step. The process can be shortened by using a quick approximate method
for the initial parts of the design and, after a rough outline of the
compressor 1s determined, using the more accurate methods to fix the
details of the compressor blading. Thus, a trial hub and tip contour for
the entire compressor can be obtained from the method that uses the isre
equation along with an assumed efficiency for the blade rows. The ma-
jority of the necessary compromises can be made in this step, so that the
required performance is reasonably assured without exceeding specified
limitations on divers flow variables.

Velocity Diagrams

A general velocity diagram for a fixed radius is shown in figure 4.
In the past, many compressors have been designed to achieve a specific
type of velocity diagram at a given radius or given radii. A discussion
of the commonly used veloclty diagrams and their application in the de-
sign procedure is given in references 3 and 22. The free-vortex diagram
has been widely used because of its simplicity and the accuracy with
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which flow distributions could be calculated for this type flow. Two-
dimensional blade-element considerations (which are now known to be
insufficient) showed that the symmetrical velocity diagram gave maximum
blade-element-profile efficiency as well as high flow and stage pressure
ratio for a subsonic Mach number limit. Therefore, this type of diagram
also has been used extensively. As the various limitations of compres-
sors became better known, more freedom was taken in the type of velocity
diagram. With the advent of the transonic compressor and the removal of
the subsonic Mach number limit, the free-vortex design returned to promi-
nence for inlet stages. The absence of large gradients in outlet axial
velocity with this type design facilitates the maintenance of recently
established loading 1imits and the achievement of high pressure ratio.

Experimental tests of axial-flow compressors show that satisfactory
performance can be obtained for a wide range of velocity-diagram types
if the blade-loading and Mach number 1imits are not exceeded. Therefore,
present design philosophy emphasizes the limitations as determined by
Mach number and diffusion factor rather than the specific velocity dia-
gram used. In general, an iterative procedure of specifying radlal dis-
tribution of work (AH or AT) and checking all radial sections for
extremes in diffusion factor or Mach number is satisfactory. A specifi-
cation of a velocity diagram may in some cases be desirable to systematize
the procedure or to utilize past experience.

Compressor-Inlet Conditions

Inlet hub-tip radius ratio and axial velocity must be specified to
satisfy the design weight-flow requirement, which 1is fixed by an engine
analysis. Figure 5 presents curves of compressor weight flow per unit
frontal area against axial Mach number for constant values of hub-tip
radius ratio. It is apparent from this figure that weight flow per unit
frontal area increases with decreasing hub-tip radius ratio and with in-
creasing axial velocity (or Mach number). Reduction in hub-tip ratio
below approximately 0.4 may be expected to result in aggravated aerody-
namic as well as mechanical problems, thus giving diminishing returns.
For instance, the blade-element-flow choking problem (M = 1.0 at throat)
at the compressor hub becomes more acute because of large fillets and
blade thicknesses, while blade fastening may become difficult and blade
stresses may become high.

Figure 5 also illustrates that the value of weight flow per unit
frontal area depends on the value of inlet axial Mach number. However,
design values of axial Mach number are fixed (for any desired blade speed
and air prerotation) by the limiting relative inlet Mach number of the
blade sections used in the inlet row. Thus, the relative inlet Mach num-
ber becomes the important variable and will be consldered here.
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The limiting relative Mach number for conventional subsonic blade
shapes and designs is usually set at 0.7 to 0.8; while, for transonic
blade shapes (thin blades with thin leading edges and solidity of the
order of 1.0), good efficiencies have been obtained at Mach numbers up
to 1.1 (ref. 23) and even higher. These limits are determined from loss
and efficiency considerations, which in turn may be affected by blade-row
choking considerations, particularly at the compressor hub. An analysis
of the choking problem is presented for two-dimensional cascades in ref-
erence 24. If a cascade analysis 1s applied to a compressor rotor and
does not indicate choking, there will probably be a built-in safety fac-
tor because of the advantage of the energy rise through the rotor.

In the past, inlet corotation has been used to reduce the relative
Mach number at the rotor inlet. Since compressors have been operated
efficiently at high values of relative inlet Mach number, the role of
inlet guide vanes has become decreasingly important in compressor design.
However, the use of counterrotation inlet guide vanes to increase Mach
number at a given wheel speed for the attainment of high stage pressure
ratio should not be overlooked when blade speed is otherwise limited.

Variation of Design Parameters through Compressor

Axial velocity. - In any compressor, values of axial velocity are
fixed at two axial stations: at the compressor inlet by the weight flow
and hub-tip ratio, and at the compressor exit by compressor-discharge
diffuser and combustor-inlet requirements. With the trend toward higher
compressor-inlet velocities, fixed combustor requirements will necessitate
appreciable decreases in axial velocity through the unit. Care must also
be taken that blade heights in the latter stages do not become so small
that end-wall boundary layers and blade tip clearances occupy a large
percentage of the passage and thus deteriorate performance. The exact
scheduling of axial velocity through the compressor will depend largely
on the individual blade-row requirements. ILarge axial velocity reductions
across any blade element are to be avoided if high efficiency is desired.

Diffusion factor. - The diffusion factor, a blade-loading criterion
discussed in reference 25, 1s given by

vy AV (23)
D=1-r+50r 23
RS

The analysis'of single-stage-compressor data in reference 25 indicates
the following diffusion-factor limits for inlet stages: for the rotor
tip, D less than 0.4; for the rotor hub, D less than 0.6; for the sta-
tor, D less than 0.6. The variation of limiting diffusion factor
through the compressor is not yet known. Although this blade-loading
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parameter (eq. (23)) is a good stop-gap, a more complete and general
loading criterion and a better correlation of loss with loading is still
required.

Efficlency. - The stage or blade-row efficiency, rather than the
blade-element loss, may be used as a design parameter in certain design
procedures (e.g., method III). Experimental investigations of axial-
flow compressors indicate that, where blade-loading limits are not ex-
ceeded, the stage efficiencies remain at a relatively constant high
value. A slight decrease in efficiency in the rear stages of the com-
pressor has usually been attributed to distortions of the radial distri-
butions of velocity in these blade rows. Also, the ratio of wetted area
to flow area 1s greater in the latter stages than in the inlet stage, so
that boundary-layer effects become more prominent. The design~-speed peak
adiabatic efficiency for an inlet stage operating as a single-stage unit
is about 0.92. Of course, the assumed design efficiency will vary with
the performsnce requirements of pressure ratio and weight flow and per-
haps with axial position in the compressor.
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Boundary-layer characteristics. - Unfortunately, there is very little
information from which the boundary-layer growth through a compressor can
be determined accurately beyond that mentlioned in reference 15. Values
of correction factors used to account for boundary-layer growth have been
given and discussed in the section on weight-flow blockage. Data obtained
from an 8-stage axial-flow compressor (ref. 26) indicate that the
boundary-layer thickness (expressed as a percent of blade height) re-
mained approximately constant through the last four stages near the de-
sign weight flow. Although the boundary layer in the compressor of ref- -
erence 26 was thicker than might be generally expected, these results
support the choice of a constant value of Ky through the latter stages

of an axlal-flow compressor.

Physical Aspects

Physical considerations 1imit some compressor variables that affect
the aerodynamics of the flow. The shape of the compressor outer casing
is limited by restrictions on over-all size of the englne and accessories,
and a constant-tip-radius configuration has been used in the past as a
good compromise between aerodynamic and weight considerations. The re-
quired decrease in annular area from inlet to outlet is then obtained by
gradually increasing the hub radius. Of course, other combinations of
hub and tip shapes may be desirable for specific applications; for exam-
ple, the section on radial-flow accelerations indicates that tapering the
tip casing at the compressor inlet may be desirable to reduce hub-wall >
curvature effects, if these are otherwlse detrimental.
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The value of the solidity used in each blade row may be varied
slightly to keep the blade loading (expressed for the Present by the dif-
fusion factor) within certain limits. Reasonable values of solidity for
the transonic compressors appear to be in the order of 1.0 at the tip
section. Extremely low solidities lead to poor guidance and high losses,
while extremely high solidities lead to hub choking problems and high
losses.

Although the tip clearance used in a compressor design is usually
set by mechanical conslderations, large effects of tip clearance on
aerodynamic performance have been noted in various compressor investiga-
tions. Some effects of blade tip clearance are discussed in reference
27, which reports that the smallest clearance used in the series of tests
gave the best rotor efficiency.

Off-Design Performance

In regard to compressor welght, it is desirable to select a design
for the minimum number of stages consistent with good aerodynamic effi-
ciency to achieve a specified over-all pressure ratio. Inasmuch as the
compressor must also have good acceleration characteristics, good high
flight Mach number performance, and a reasonable overspeed margin as well
as satisfactory design-point operation, the off-design operating charac-
teristics should be considered when the stagewise variation of blade
loading is chosen. Possible means of determining the off-design operating
characteristics are given in chapter X. At compressor speeds above and
below deslgn speed, the front and rear stages deviate considerably from
design angle of incidence, operating over a range from choked flow to
stall (ref. 28). Therefore, it is important to prescribe blading and
veloclity dlagrams in the front and rear stages that will permit the at-
tainment of a large stall-free range of operation.

Consideration of compressor-inlet flow distortions resulting from
inlet-diffuser boundary layers, aircraft flight at angle of attack, and
so forth, may also influence the stage design selection, especially in
the inlet stages of the compressor.

APPLICATION OF EQUATIONS
Design Equations
The equations to be used in a design are grouped in table I for ease
of reference. They are elther repeated or are directly derived from

equations in the previous sections. Additional relations are obtained
from the veloclty diagram such as is shown in figure 4.
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Equations (D2b) (the isre solution) and (D3b) (the nisre solution)
for determining the axial velocity variation along the radius are ob-
tained from equatlons (D2a) and (DSa) by evaluating the integrals by the
trapezoidal rule. [in addition, egs. (17) and (18) or egs. (D12) and
(D13) (with the radial velocity equal to zero) are applied to derive eq.
(D3b) from eq. (DSa):] An accurate evaluation of the axial velocity
distribution by use of equations (D2b) and (D3b) requires that the ref-
erence radius be shifted from point to point. That 1s, the integration
is first carried out from the initial reference radius to an adjacent
radial station. The computed values of velocity at this adjacent radial
station are then used as the reference-point values to compute conditions
at the following radial station. Thus, the effect of any variation of
entropy, temperature, and tangential velocity on the axial velocity dis-
tribution may be accurately considered if enough radial stations are
specified across the annulus area.

Equation (D11) is a form of (D2a) for the special case of inlet
gulde vanes where the stagnation temperature is constant. This equation
is derived in reference 29. Equation (D10b) 1s an alternate form of the
diffusion-factor relation (eq. (D10a)). A graphical solution of equation
(D10b) is presented in chapter IX.

General Determination of Axial Velocity Distribution

The design of the multistage compressor requires the solution of the
general flow equations after each blade row in the compressor. This sec-
tion is concerned with the methods of determining the velocity distribu-
tions after the inlet guide vanes and rotor and stator blade rows.

For the case of no inlet guide vanes or for gulde vanes that impose
a vortex turning distribution, it may be assumed for the initial design
trial that the axial velocity 1s constant along the radius at the inlet
to the first rotor row. For the case of compressors having inlet guide
vanes imparting a nonvortex turning distribution to the flow, the axial
velocitlies at the outlet of the gulde vanes or at the inlet to the first
rotor will vary with radius and must be computed. As indicated in the
previous discussion, the effects of streamline curvature may be suffi-
ciently large in certain cases to necessitate consideration of these ef-
fects in the calculation procedure. In the design procedure, corrections
for these curvature effects may be applied after the preliminary velocity
distributions and passage geometry have been specified.

After the flow conditions at the inlet to the rotor are determined,
the steps previously enumerated in the section on CONSIDERATION OF WALL
BOUNDARY-LAYER EFFECTS are used to determine the velocity distribution
and annulus area geometry after the rotor. The design variables that
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must be specified for the first rotor are the tip radius at the rotor
discharge, the tangential and axial velocity changes (vased on blade-
loading considerations) across the critical blade element (usually the
tip) of the rotor, and the radial distributions of energy addition and
blade-element loss. The specification of these gquantities completely
determines the flow parameters at the discharge of the blade row. Ap-
plication of the blockage correction Ky, 1in the continuity equation

then permits the determination of the hub radius of the annular flow
passage after the rotor. A similar procedure is used to determine the
flow conditions after the following stator.

It is then necessary to review completely the preliminary design in
order to determine its critical and undesirable features with respect to
both the compressor performance and the performance of the other engine
components. For instance, it will be necessary to go through the design
procedure again in order to correct for streamline-curvature effects, or
to improve the shape of the hub contour, or to revise the loss assump-
tions made originally. A recalculation may also be required to change
the loading or Mach number level because certain blade elements appear
to be too critically loaded. The blade sections may then be determined
from the two-dimensional and annular-cascade data of chapters VI and VII
and the calculated design flow conditions.

Three methods discussed generally in the section on CONSIDERATION
OF WALL BOUNDARY-IAYER 'EFFECTS for determining the flow conditions in
the compressor are presented here to Indicate the possible uses of the
available equations and data. In discussing these methods, it is as-
sumed that the compressor tip geometry and aerodynamic conditions are
known (i.e. , inlet and outlet tip radii, wheel speed, limiting-loading
parameter, and axial velocity ratio) and that inlet values for pressure,
temperature, weight flow, and velocity are known. It is assumed that
the radial velocity terms may be neglected. The tangential velocity dis-
tribution is taken to be the prescribed outlet variable. The values
selected are not to be considered as uniquely desirable values. They
are chosen merely to illustrate the methods of solution of the de-
sign equations. It should be emphasized that, once the preliminary
flow and geometry conditions are determined, it willl be necessary
to review the design procedure to ensure the attainment of satisfac-
tory performance.

A

Method I

As pointed out previously, the solution of the flow equations by
method I assumes a complete knowledge of the radlal varilations of energy
addition or tangential velocity after the rotor as well as the radial
variation of entropy even into the wall boundary layers. Because of the
lack of sufficlent data of this type, this method may not be generally
usable at the present time.
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The steps itemized in the following sections for application of
method I follow as closely as possible the procedure enumerated in the

previous section.

Inlet guide vanes. -

(1) Tip radius and hub-tip radius ratio at the discharge of the in-
let guide vanes are specified.
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(2) The desired weight flow is specified. This weight flow will be
used in the continuity equation to determine the magnitude of axial ve-

locity required.

(3) The radial distribution of tangential velocity is specified.
(Some restrictions on this are given in ref. 30.)

(4) The outlet stagnation temperature is equal to the inlet stagna-
tion temperature and 1s constant radially.

(5) The radial distribution of loss ® is assumed from wall to wall
on the basis of data obtained from similar blade sections. The radial
distribution of outlet stagnation pressure is computed from equation (D5b).

(6) The radial variation of axial velocity is computed from equation
(D3b).

(7) The density variation along the radius is computed from equation
(D7).

(8) The magnitude of the axial velocity is determined by trial-and-
error application of the continuity equation (eg. (D8)) with the blockage
factor Kpi equal to 1.0. It should be emphasized that in this method

the velocities are calculated into the wall boundary layer so that addi-
tional boundary-layer corrections are unnecessary.

Rotor. -
(1) The tip radius at the rotor discharge is specified.

(2) The axial velocity at the tip radius after the rotor 1s speci-
fied. The tip tangential velocity after the rotor is then calculated
from equation (D10a) for a specified value of diffusion factor (consistent
with low loss or high efficiency) and an assumed tip solidity.

(3) The radial distribution of tangential velocity after the rotor
is specified.

(4) The radial distribution of stagnation temperature after the rotor
is computed from equation (D1).
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(5) The radial distribution of loss from wall to wall is assumed
from the diffusion-factor - loss correlation of figure 6 (which is re-
plotted from ch. VII) and from data taken in the wall boundary layers.
The radlal distribution of stagnation pressure after the rotor is cal-
culated from equation (D5a).

(6) The radial distribution of axial velocity is calculated from
equation (D3b) using the specified tip axial velocity as the initial ref-
erence velocity V .

zZ,1

(7) The radial distribution of density is computed from equation

(D7).

(8) The hub radius after the rotor is determined from equation (D8)
with the blockage factor Kyk equal to 1.0. If this hub radius causes a

shift in the streamline configuration from that used in the initial cal-
culation, it may be necessary to repeat this procedure using the modified
streamline locations.

Stator. -

(1) The tip radius at the discharge of the stator blade row is
specified.

(2) The axial velocity and tangential velocity at the tip radius
after the stator are specified considering the effect of these values on
the losses and on the characteristics that are desirable for the following
rotor row.

(3) The radial distribution of tangential velocity after the stator
is specified.

(4) The radial variation of stagnation temperature is assumed to be
the same after the stator as at the inlet to the stator.

(5) The radial distribution of loss from wall to wall is assumed from
boundary-layer data of similar stators and from the diffusion-factor -
loss correlation of chapter VII. The radial distribution of stagnation
pressure is computed from equation (DSb).

(6) The radial distribution of axial velocity is computed from equa-
tion (D3b).

(7) The density variation along the radius 1s computed from equa-
tion (D7).

(8) The hub radius after the stator is determined from equation (D8)
with the blockage factor K equal to 1.0.
bk
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Method II

The essential difference between solution of the flow equations by
this method and solution by method I is that the flow distributions are
computed using available blade-element data as if no wall boundary layers
were present. Approprilate correction factors for the effects of the wall
boundary layers are then applied. Specifically, the principal differ-
ences are in the evaluation of the loss distribution along the radius
(step (5) of method I) and in consideration of the wall boundary-layer
blockage factor in the flow-continuity condition (step (8) of method I).
The radial variation of loss for method II is determined from blade-
element considerations alone and does not go into the wall boundary-
layer effects. The blockage factor Kpy used in applying the continuity
equation (D8) in method II is some value less than 1.0. As pointed out
in reference 15, it may vary from 0.98 to 0.96 through the compressor.

The isre equation can also be used in this method for an initial ap-
proximation of the flow or for cases in which the radial gradients of en-
tropy are negligible. In these cases, equation (D2a) or (D2b) is used
in step (6) of method I. Equation (D11) may be used to compute the axial
velocity distribution for the case of blade rows having negligible radial
gradients of stagnation temperature and pressure. In applying equation
(D11), however, it is necessary to specify the flow-angle distribution
after the blade row rather than the tangential velocity distribution.

Y

Method IT1

The principal difference between the solution by this method and
that by method II is in consideration of the blade-element loss. Rather
than estimating a plade-element loss ', an average rotor row efficiency
is assigned in this method. It is then assumed that the rotor blade-
element efficiency is equal to this average rotor efficiency. The stator
losses may then be considered by specifying an average stage efficiency.
The stagnation pressure after the rotor and stator blades may then be
determined from the rotor and stage temperature ratios and the appropriate
efficiencies. The isre equation ((D2a) or (D2b)) is then used in calcu-
lating the velocity distribution after the blade row. A method very
similar to this one is presented in chapter IX, in which the solution
is accomplished by the use of charts.

Remarks

It must be emphasized that the previously outlined calculations are
to be considered as preliminary calculations. After the annulus area
geometry 1is determined, it will be necessary to review and probably re-
calculate the design to determine the final flow conditions through the
compressor.
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Naturally, other forms of these equations can lead to variations in
the design procedure. It should be noted, however, that any variations
must use self-consistent boundary-layer correction factors. Indiscrimi-
nate use of correction factors can lead to a design that is as poor as or
worse than one in which boundary-layer correctlons are completely
neglected.

The radial velocity terms may be included in the methods presented
if the streamline slope in the meridional plane is estimated. Thus, the
radial velocity is related to the axial velocity. This necessitates re-
taining the radial velocity terms in equations (D7) and (D13).

Some secondary-flow effects may also be considered for certain specif-
ic cases 1un the design system. For instance, reference 30 presents a
method of considering the induced effects of the tralling vortex system
on the inlet-guide-vane turning angle. Research on secondary-flow ef-
fects in annular cascades will no doubt eventually lead to corrections
in the design system.

NUMERICAL EXAMPLE

As an illustration of the design procedure of method II discussed
previously, the design calculations for an inlet stage consisting of
inlet rotor and stator are presented here. The given inlet conditions
are as follows:

P, = 2116 1b/sq ft 8g,1 = 1116 ft/sec
o
wa/6 ‘
Vg,1 =0 iy = 35.0 (1b/sec)/sq ft

The following design variables are selected:

Radial stations r_, s r v Tey T at 10, 30, 50, 70, 90 percent of

passage depth.

M;,1 =0.8 'Vg,3 =0 Dg,e £ 0.6
= = <
Mi,a = 1.1 DR,@ = 0.35 Dg = 0.6
Kpx = 0.98 Kp, Ke, and Kq are not used.
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<VEL§> = 1.0 ’
Z,l @ rs’t = 1.44 ft
Vv (o] = 1.0
<?5ié> = 1.0 Rya
Z)2 a O'S’a = 0.7

Values used for various constants are

g = 32.17 ft/sec’ cp = 0.243 Btu/(10)(°R)
J = 778.2 ft-1b/Btu . R = 53.35 £t-1b/(1b)(°R)
Yy = 1.4

The value of inlet hub-tip radius ratio is computed from the flow per
unit frontal area, axial Mach number, and tip radius, as follows:

wAf6 1 35
Sh Kox = 0.98 = 35.7 (1b/sec)/sq £t

From M, 1, wA/6/bA, and figure 5, ry/ry = 0.377.
The actual weight flow is obtained from

= 2 =
AF,l = ﬂrl,t = 7.069 sq ft

wAB 6
5ﬁ£: Ap,1 = E%g: = w = 247 1b/sec

~ The conditions at the rotor tip design station « (lO percent of
passage depth) are computed next. From Mz,l and reference 31,

0.9658

1]

11078 ft/sec

1l
1]

(1078)(0.6) = 647 ft/sec

Va,1 = 2aM 1

= 1
Vl,a alMl,a

(1078)(1.1) = 1186 ft/sec

]1/2

2 _ 2 _
U1,a = Vo,1,a = [(Vi,a) - V3,1,a = 994 ft/sec
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U

-1 1
1 - _ o)
Bl,a = tan <V )1 = 56.9

1.0 V, 1 o = 647 ft/sec

Vz,Z,a

The value of Bé o is computed from equation (DlOb) by application
3
of the appropriate chart (fig. 5 of ch. IX):

' - o]
Bj o = 46-0
1 = ! =
Vh,2,0 = Uy 5o tOR By = 670 ft/sec
= - v =
Vo 2,0 = V2,0~ Vo,2,a = 297 ft/sec

The iteration procedure for the computation of the radial variation
of gas state is started by selecting the inlet radial stations. The
computation lineups and results for the velocity calculations using the
isre and nisre equations are shown in tables II(a) and (b), respectively,
where only the final results and final calculation lineups of the itera-
tion procedure are presented.

In these designs the variation of outlet tangential velocity 1s
prescribed as a function of r,, SO that an analytical integration of the

isre equation 1s possible. Of course, graphical or numerical procedures
may also be used. This velocity distribution is

< rz >
i =V 2 = ——
8,2 6,2,t r
’ 26, z,t

It should be emphasized that this distribution is chosen only to illus-
trate the design procedure for the general case where radial temperature
gradients are present and does not necessarlly represent an optimum de-
sign condition. The isre equation (D2a) can then be directly integrated,
with the following result:

2 _ 2 2 2 )
Va2 = Vz,2,1 + 289p(Ty - Ty 5) - (Vg 5 - Vg 5 4)
r
2 2 1 1/ 1 2 2
o,2,1 [1n T5 1 Tpr 27 Tz,i) *E <?§ t>(r2 - rz,l)]
2
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where the « station is used as the initial reference station. All the
terms on the right side of equation (24) are known as functions of the
trial values of r, (ro, depends on the selection of r2,t and Ty y,

2

since in this procedure the radial stations were chosen at stated per-
centages of the passage depth). The final value of T2, h is obtained

by the iteration procedure of steps 6 to 23 in table II(a). The weight
flow 1s computed numerically (e.g., by plotting (21K oV, rir)s  agalnst

(r/ry)> 8nd carrying out a graphical integration).

In order to compute weight flow, density and, hence, stagnation pres-
sure must be calculated at the blade-row outlet. Stagnation pressure can
be computed from stagnation temperature and the loss - velocity-diagram
correlations presented in chapters VI and VII. The design chart (from
data presented in ch. VII) used here to relate stagnation-pressure loss to
velocity diagram is shown in figure 6. This chart is used in the design
procedure shown in table II, while an explanation of its significance
is given in chapter VII. Here (Pé/Pi)id is taken equal to 1.0, which

is exact for a constant-radius blade element.

The stator design is simpler than that for the rotor in this case,
since V9’3 is chosen to be zero; however, the basic approach 1s the

game. The 1sre equation becomes

2 2
z,3 = Vz,3,1 * 2gdcp(Tz - Tz 4]

\'s
where again the o station 1s used as the initial reference station.
The stator curve in figure 6 is used for all radial stations.

The rotor and stator design using the nisre equation is carried out
with the same design conditions as prescribed for the design using the
isre equation. Thus steps 36 to 44 of table II(b) are the same as those
from 1 to 9. The method of computing the outlet axial velocity is now
changed, since data from a previous approximation are used in the
solution. Here the final results of the isre solutlon are used to ob-
tain the loss data for the initial nisre solution for outlet axial
velocity. This is an intermediate step for which the data are not
presented in the tables. The nisre equation for outlet axial velocity
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for the assumed conditions is

2 v-1 dJ 2
VZ,Z [1 + _-ZY -R (Sz’l - Sz)] = VZ,Z,i + ngCp(Tz - Tz’i) -

r r - T .
2 2 2 2 2 2,1 1 2 2
(v -V ) - 8v 1n - —2= 4 (r5 - r5 )| +
9,2 9,2,1 6,2,1: rz,i rz,t 81‘%’1; 2 2,1

J ¥-1 /.2 2 2
R [gR(Tz,i T -3y (Vg o1+ Ve p+ Va,2,10](82,4 - 8)

where

Equation (25) was obtained under the following restrictions: (1)
that Ve = 0, and (2) that entropy and static temperature vary linearly

with radius in the interval of integration and thus the reference radius
is shifted from point to point, starting at o« near the tip. This solu-
tion illustrates a numerical solution of the equilibrium equation. The
remainder of this calculation for the rotor is the same as that for the
isre case.

The loss estimates for the stator are made initially from the isre
solution for the stator, and the entropy variation is computed from these
values. The stator velocity-diagram calculations then proceed as do the
rotor nisre calculations, using the equation

2 v-1J 2
VZ,S [l + ——ZT § (83’1 - Ss)] = VZ,S,i + ngCp(T3 - T3,1) +

J r-1
R [8R(T3,1 +T3) - 5 Vz,Z,i](SS,i - 53)

(28)



194 NACA RM E56B03a

CONCLUDING REMARKS

The general flow equations that must be solved in the determination
of design velocity distributions and flow passage configuration in com-
pressors have been presented. In general, it is felt that more data are
required to accurately establish the boundary-layer effects and correc-
tion factors on weight flow or annulus area and average stage pressure
ratio and efficiency. It is expected, however, that the boundary-layer
correction system discussed in this chapter will lead to a satisfactory
design approximation. The need for concentrated analytical and experi-
mental work is indicated by the lack of satisfactorily evaluated calcula-
tion procedures for determination of velocity distributions where
streamline-curvature effects are large. In the high-performance com-
pressors being considered at the present time, accurate prediction of
design-point performance may not be possible until these curvature ef-
fects can be considered in the design procedure. For the time being,
these three-dimensional-flow problems may be alleviated by geometric
modifications of the hub and casing profile. It should be reemphasized
here that the compressor design procedure is a trial-and-error compromise
procedure. It is generally necessary to go through the design calcula-
tions a number of times before all elements of the compressor may be con-
sidered to be satisfactorily designed with respect to aerodynamic and
mechanical considerations.
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TABLE I. - Concluded. DESIGN EQUATIONS

X
P_2 =1 -wll - =) 2)
Lo+ 5= M7
.
-1
P! ((L)I‘ )2 / 1‘2\
z - y-1 2 1
2 -
1714 veRl, ry
_ P V2 Y—l
80 = /7 2gdc. T
P
Tt
W = Kpp2ng (pV,r dr)y4
Th
Y-_l
Po\ T
<_2\ .
Py/
Mad = T2
T, - 1
vl AV
2 ]
D=1-gr+ 20V
1 1

v
20 z!1_[20 (1 - n)

—os @7 + tan B = + tan B!
cos B! 2 '
P VZ’2 cos Bl 1
tr

_ _ Ccos B sinZB
Vp = Vz,l cos By eXP Q—L)r “r dr
i

(D5b)

(D6)

(D7)

(D8)

(D9)

(D10a)

(D1ob)

(p11)

(D12)

(D13)
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TABLE II. - CALCULATION PROCEDURES

(a) Using isre equations

NACA RM ES56B03a

Radial positlion

Step| Parameter Known Procedure
design
condition a
1ir,/r r, /T = 0.377| Choose 10, 30, 50, 70, 90 percent of passage depthy 0.938
¥51,e 1,K 71,
Uy =V 4| Uy, = 1060 Ul’t(x‘l/rl’t) 994
-1
! v = 647 v! 56.
38y 2,1 [ an™t( 9,1/vz,}) 9
alvy [vs 1 (% 1)2]1/"’ 1186
’ n
5 M' a, = 1078 vi/a, 1.100
§ 1'-2/1"2 v [T, ™ 1.44 ry )y known rrom preliminary design (step 1) 0.950
71Ve,p Vg5t = 283 \Z) tﬁz - (r/rg)y] 297
alug - 1018 Uy ¢lr )2 967
s
e, =Ty |T=518.7 m +[(U Vo, - U1V, 1)/ch] 566
10V, 5 2.0.q = 647 Eq. (24) 647
» 22,
11 |V u, -V, 670
12 5?’2 ton-1 ((;\'7? Va0 46.0
‘2 z,2
13 | V) v, ?/cos 62 932
14 | 20,5 ag 1 = 1116 aa,1(To/T1) 1/2 1166
15 | My Va/aa,Q and ref. 31 0.635
16 | M} M VLV, 0.830
17 | o g, = 1.0 o (rl s * To, t)/(rl + "2) 1.00
18 | D’ 1 - (VQ/V') + (Av9/2° V' 0.351
19 @ D', cos ﬂe/Qo, and fig. 6 0.0734
20 {{p/P')p M5 and ref. 31 0.636
1
5\" ~ o\l
21 | P /P) b 1 -w' (1 - 55 1.320
1 2
1
+ Vg A v-T
22 | gpp r— 2 COA 0.0764
1.0
23w Kpy = 0.98 2Rk, ¢ ( ) (pV,r)p dlry/ry o)
/Ty )2
24 \:'3/r'3“t Tst 1.44 L known from preliminary design {step 1) 0.950
= 2 1/2
25 Vz,3 VS z,3,a z,2,a [vz 3,1 + 2gJCp(TS - TS,iﬂ 647
26 [ My 35,2 = 83,3 Vz/a,,5 and ref. 31 0.573
27 | o, =0.7 °c(1"2 ¢+ T3, )/ (rp + r3) 0.700
23 |D 1- (vs/vz) + {avg/20V;) . 0.389
23 | & D, 20, and flg. 6 0.0182
30 | (p/Pl3 Mg and ref. 31 0.800
_ Pz
31 | P3/Pp 1-w - 0.996
1
P3 vE o\
32 | gpy ;{Té 1 - Wg 0.0788
1.0
33 |w 2Tyt ¢ {(pV,r)y alrg/rs )
(rp /Ty )5
34 [ Pg/Py 1.32
-1
AN T3
35 |Mag,sT }5;) - — -1 0.895
1
(T:,/’I‘1 >av Mass-average 'I‘s/'x‘1
(Ps/Pl)av Mass-average Pz,/F‘1
nad,av Mags-average nad’ST

B Y 6 €
0.813| 0.688] 0.564| 0.439
862 729 598 465
53,1 48.4| 42.8] 35.7
)

1078 975 881] | 797
0.999| 0.904] 0.817| 0.739
0.832] 0.720| 0.608] 0.496
331 362 394 426
847 733 619 505
565 562 559 554
640 627 612 600
516 371 275 79
38.9] 30.6] 20.2 7.5
822 728 652 605
1165| 1162 1158| 1153
0.644| 0.649| 0.655| 0.666
0.735| 0.653| 0.587| 0.548
1.15| 1.34| 1.61| 2.02
0.377] 0.330] 0,391 0.360
0.0369[0.0405]0.0446|0.0489
0.699} 0.751 0.792| 0.816
1.333| 1.313] 1.284] 1.248
0.0762[0.0759{0.0744(0.0724

247
0.838| 0.730| 0.622] 0.514
637 612 576 524
0.564| 0.527| 0.498} 0.455
0.796| 0.917|:1.08 1.32
0.405| 0.427| 0.458} 0.507
0.0223 [0.02750.0346 |0.0501
0.806 ) 0.819] 0.837} 0.862
0.996| 0.995! 0.994| 0.993
0.0800 |0.0800 [0.0799{0.0799

247
1.33] 1.31] 1.28] 1.24
0.946 | 0.944 | 0.940| 0.928

1.083

1.29

0.932
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TABLE II. - Concluded. CALCULATION PROCEDURES
- (b). Using nisre equations
ﬁsigep Parameter Known Procedure Radial position i
design *"
i condition a g b4 <] €
— e — - - —
i35 ri/Ty ¢ r‘ljh/rl,t (Step 1) 0.938| 0.813| 0.688| 0.564| 0.439
! 370, = Vé 1 l,t = 1080 Ul,t(rl/rl,t) 994 862 729 598 465
<H 33,84 V, = 647 tan~! vy /v, ) 56.9] 53.1] 48.4, 42.8] 35.7
= ’ 21
2] 39 V1 vl 1)2} / 1186| 1078 95| se1| 797
e , '
40 My a, = 1078 Vi/a; 1.100] 0.999| 0.904| 0.817] 0.733
41 re/re t To,p = 1.44 T> h known from preliminary design 0.u:50| 0.838{ 0.730| 0.822 0.514
42V v = 28 v [ - (X
0,2 o,2,6 = 283 e,z,tf (PJ?] 297 329 359 330 420
43 | Up Up ¢ = 1018 Up, ¢ (ra/To ¢ ) 967 853 743 633 523
! T. = = - &
| 44 T, =Ty |T; = 518.7 T+ [(ueva’2 U]Vs’l)/chp] 566 565 563 553 555
i Y -
[T, VY
[
<O 82,1 - 82 \ T2
&3 45 = Py known from | in|=F ol 1.009| 0.988] 0.981] 0.974
(5 RJ previous trial 2,172
o 46 v%’2 Vi, 2,0 = 647 (25) 647 662 652 640 628 .
- I
: 471V o Uy - Y,5 670 524 384 243 103
! -1
48 1) tan (VéJQ/VZ,E) 46.0/ 38.4] 30.5] 20.8 9.3
1
49 tay o a,,1 = 1116 as,1(To/T1) /2 1166; 1165/ 1162 1153] 1154
S0 | My Vo/ag 5 and ref. 31 0.635| 0.662| 0.669| 0.675| 0.685
51 | M} LAZYAR 0.830] 0.756{ 0.680| 0.617| 0.577
| 520 e, =1.0 agry ¢ + vy )/ + T 1.0f- 1.14}{ 1.33} 1.59| 1.98 ]
| 53 | D! 1 - (v2/v') + (Ave/eqvi) 0.351] 0.353] 0.356| 0.380| 0.316 !
| 54 |=' D', cos BY/20, and fig. 6 0.0734[0.03500.0371|0.0409|0.0422 '
55 | (p/P')p M, and rel. 31 0.836| 0.685] 0.734{ 0.774 0.798 |
X_ !
LA PoY i
56 | Po/Py 7y [ - B (1-}5—.2 ; 1.320 1.332( 1.316| 1.290| 1.256 |
=
- N1
57 2 () Va2 * Vo,0)T 764/0.0761]0.0750]0.07380.0719
&pr2 RT, EALRY 0.0764[0.0761]0. . .
~1.0
Sa |w Kpy = 0.98 erkpyTs, ¢ (p¥r)p dlrpy/ro ¢) 247
(rp/re), .
59 3/r3 ¢ IT = 1.44 T known from preliminary design 0.950] 0.844| 0.740] 0.636] 0.532
, 3,t 3,h
(step 1)
(r )’Y_ -1
53,4 - 83 !
60 e Py known from |ln ¥~—7p—' | =e-a- 0.01520.0005 {0.0000 [-0.0004 '
previous trial L 3 t 3
61 1V, o = VaIV, o =647 (26) 647 658 638 606 559
s 23,
82 [Ms as,p = 23,3 v3/aa,3 and ref. 31 0.573| 0.584 | 0.566¢ 0.538] 0.496 ;
63 |0 o, = 0.7 ﬂt(r2 g * Ty t)/(r2 + rs) 0.700] 0.791] 0.905] 1.057] 1.272 .
, ’
64 [D 1- (va/v2) + (AVe/QoVE) 0.390] 0.391( 0.410| 0.438, 0.480
65 @ D, 290, and fig. & 0.0182]0.0206 |0.0253 [0.0317 [0.0445
66 |(p/P)g M; and ref. 31 0.8005] 0.794 0.804| 0.822| 0.845
— P3
67 |P3/Pp 1-® - s 0.9964[0.9958|0.995110.9941 |0.9931
Pz v
68 lgpg T, 1 - m 0.0788]0.0792(0.0791[0.0792[0.0791
1.0 ,
. ' 69 fw 27Ky Ts, ¢ P3V,, 373 dlrg/ry ) 24
rS,h/”s,t
70 [P3/P; y-1 1.315 |1.327 [1.309 (1.282 [1.247
/Ps\y ‘i TIS
4 71 [N S ERITAY R’ 0.895 |0.947 [0.946 [0.940 [0.932
ad, ST \F./ J T
(TS/Tl)av Mass-average T:,’/T1 1.090
(P3/P1)ay Mass-average Pz/P; 1.30
Nad. av Mass-average nad,ST 0.936
’
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Entropy, S
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Figure 1. - Typical entropy distribution after compressor
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Figure 3. - Effect of wall boundary layer on axial velocity.

3374



Z,l" 'Ve i

Z,2

Figure 4. - General velocity diagram.

Y

BCOdIGE W VOVN

G02



206

Equivalent specific weight flow, wA/6/8Ap, (1b/sec)/sq ft
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Hub-tip radius ratio,
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Figure 5. - Weight-flow - Mach number characteristics
for various values of hub-tip radius ratio.
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CHAPTER IX
CHART PROCEDURES FOR DESIGN VELOCITY DISTRIBUTION

By Arthur A. Medeiros and Betty Jane Hood

SUMMARY

A series of charts for the solution of the flow equations used in
the design of axial-flow compressors 1s developed. The equations, which
are presented in chart form, are radial equilibrium (in a simplified
form), continuity of flow, energy addition, efficiency, vector rela-
tions, and diffusion factor.

Because the charts are based on general flow equations, they can be
used in the design of any axial-flow compressor. An example of the use
of the charts in the design of a stage consisting of a rotor and stator
blade row is presented. Comparison of the pertinent design values ob-
tained by the chart procedure with analytically calculated values indi-
cates that good accuracy can be attained by careful use of the charts.

INTRODUCTION

The over-all design requirements of alr flow and pressure ratio for
the compressor component of a gas-turbine engine are generally determined
on the basis of a cycle analysis for the particular application of the
engine. For many present-day aircraft applications, an axial-flow com-
pressor is selected because of its high efficiency and high flow per unit
frontal area.

The general geometry of the compressor, such as the tip diameter,
blade speed, inlet and discharge axial velocities, and inlet and discharge
areas, is determined by considerationh not only of the compressor but also
of the combustor and turbine components of the engine. The selection of
inlet axial velocity, compressor blade speed, and inlet hub and tip diam-
eters Involves a compromise among high weight flow per unit frontal
area (low hub-tip diameter ratio and high axial velocity), high stage
pressure ratio (high blade speed), and reasonable turbine blade stresses
(low blade speed, low axial velocity, and high hub-tip diameter ratio).
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The magnitudes of the axial velocity and blade speed must also be compro-
mised on the basis of the effects of the resultant Mach number on blade-
section efficiency. Compressor blade stresses, other than vibratory
stresses, play only a small part in this compromise., The factors affect-
ing these considerations are discussed more completely in chapter II1
(ref. 1) and in reference 2.

Other compromises must be made in the compressor design in addition
to the inlet configuration. The compressor-discharge velocity must be
adjusted on the basis of compressor diffuser and combustor-inlet require-
ments. Low compressor-discharge axial velocities are favorable with re-
spect to combustor efficilency; however, high axial velocities are desira-
ble through the compressor for attaining high stage pressure ratios and
hence decreasing compressor weight. With the inlet and discharge axial
velocities selected, it 1s then necessary to prescribe a stagewise varia-
tion in the axial velocities and blade-loading limits such that a reason-
able hub shape is obtained.

Another variable that must be dealt with is the radial distribution
of tangential velocities. Not a great deal of information is available
on the over-all desirability of the various radial distributions of ve-
locity diagrams, so that, for the most part, the choice is a matter of
experience with some particular distribution.

It is obvious, then, that, with thilis wide selection of combinations
of axial and radial distributions of velocities and the compromises re-
quired because of the factors affecting aerodynamic performance, weight,
and mechanical reliability of the various components, many compressor
configurations are possible to meet the given over-all design require-
ments. Some preliminary design calculations are therefore necessary be-
fore a final compressor configuration is selected.

Bach of these preliminary design calculations requires the solution
of the fundamental flow equations after each blade row. The application
of the fundamental flow equations to compressor design i1s discussed in
detail in chapter VIII. However, the complete design procedure presented
in chapter VIII would be very time-consuming if used for the purpose of
design evaluations. It is desirable to put the fundamental flow equa-
tions applicable to compressor design in simple and easily used chart
form.

Another reason for simplifying the compressor design procedure for
certain applications is the iterative nature of the complete design pro-
cedure. The iteration is a result of the mutual interrelation between
the calculation of the radial distribution of velocities, the passage
shape of the compressor, and the selection of blading to achieve the radial
distributions of velocity. For example, the axial velocity distribution
after any blade row is a function not only of the radial distribution of
tangential velocities but also of the energy gradient and the gradient

3384
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of losses. However, the tangential velocities (or energy) and losses are
functions of the blading and the angular setting of the blading with re-
spect to the flow. The general procedure is to prescribe the desired
radial distribution of tangential velocity or energy and assume a loss at
each radial station at which the axial velocity is to be calculated. The
calculation .of the axial velocity to satisfy the radial-equilibrium condi-
tion completes the vector diagram, and it is then possible to select blad-
ing on the basis of data such as that presented in chapters VI and VII. At
this point, the losses for the selected blade section can be obtained from
blade-element data and checked against the assumed losses. If the assumed
and calculated losses are sufficiently different, the entire calculation
must be repeated with new assumed values of losses.

Streamline curvature, particularly in stages with low hub-tip diame-
ter ratios and high pressure ratios, will affect the radial distribution
of axial velocity. Some of the factors that control the streamline curva-
ture and methods of analytically correcting for the effect on axial veloc-
ity are discussed in chapter VIII and in references 3 to 7. It is obvious
that the hub and tip diameter variation through the compressor will greatly
influence the streamline shape. Therefore, a preliminary design calcula-
tion 1s necessary to determine the approximate passage shape variation be-
fore streamline-curvature corrections to the axial velocity can be made.
For this reason, also, it is advantageous to have the preliminary design
procedure in easily used chart form.

This chapter develops and presents a chart procedure for the design of
axial-flow compressors using any consistent set of assumed design values
and velocity distributions. The radial-equilibrium equation (in simpli-
fied form), the continuity equation, the energy-addition and efficiency
equations, vector relations, and the diffusion-factor equation (see ref.

8) are presented in graph form.

The method can be used for making preliminary design calculations
to determine the compressor configuration to meet given over-all perform-
ance requirements with any given set of aerodynamic limitations such as
Mach number and blade-loading levels. It can also be used as the first
step in a complete design procedure to determine initial velocity diagrams
and passage shape variations. An intelligent estimate of losses in the
blading and streamline curvatures due to the walls can then be made, so
that iterations in the complete design procedure can be minimized or elim-
inated. When the corrections to the design due to entropy gradients and
streamline curvatures are expected to be small, the charts can be used
for final design calculations, provided, of course, that they are used
with care and judgment. An example of the use of the charts in the de-
sign of an axial-flow compressor stage is presented herein, and the re-
sults of the graphical procedure are compared for accuracy with analyti-
cally calculated values.
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SYMBOLS

The following symbols are used in this chapter:

A area, sq ft

a speed of sound, ft/sec

ag speed of sound based on stagnation conditions, ft/sec
B C+ VE - VE i, (ft/sec)?

C 2gJe,(Ty - T, (£t/sec)?

p specific heat at constant pressure, 0.243 Btu/(1b)(C°R)
D diffusion factor

F blade force acting on gas, 1b

g acceleration due to gravity, 32.17 ft/sec2
H total or stagnation enthalpy, Btu/1b
J mechanical equivalent of heat, 778.2 ft-1b/Btu

Kpk  welght-flow blockage factor

M Mach number

P total or stagnation pressure, lb/sq ft
P static or stream pressure, lb/sq Tt

R gas constant, 53.35 ft-1b/(1b)(°R)

r radius, ft

S entropy, Btu/(1b)(°R)

T total or stagnation temperature, °R

t static or stream temperature, °Rr

U rotor speed, ft/sec

v air velocity, ft/sec

3384
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weight flow, 1b/sec

w

z coordinate along axis, ft

B air angle, angle between air velocity and axial direction, deg

Y ratio of specific heats, 1.4

5] ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq ft

Naq adiabatic efficiency

6 ratio of total temperature to NACA standard sea-level temperature
of 518.7° R

o density, lb-sec?/rt%

o} solidity, ratio of chord to spacing

w angular velocity of rotor, radians/sec

w total-pressure-loss coefficient

Subscripts:

an annulus

av average

b radial station midway between tip and mean

c radial station midway between mean and hub

F frontal

h hub

i reference position, radial station where variables are known

k continuity value, value corrected for boundary-layer blockage

1 local value of flow per unit annulus area

m mean

R rotor
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r radial direction
S stator

st NACA standard sea-level conditions

t tip

zZ axial direction

2] tangential direction

1 station at inlet to rotor blade row at equispaced distances across
annulus

2 station at exit of rotor blade row at equispaced distances fram

tip to assumed hub

2a station at exit of rotor blade row at equispaced dlstances across
annulus

Ja station at exit of stator blade row at equispaced distances across
annulus

Superseript:

' relative to rotor

DESIGN EQUATIONS
The flow equations applicable to compressor design are discussed in
detail in chapters III (ref. 1) and VIII. These equations, in the form
usually used in compressor design, are as follows:

Radial equilibrium:

JH 3s , Vo o(rVp) oV, OVy
=ttt gt or tew V2 (1)
Continuity:
Tt
W = 21y pgVr cos B dr (2)
T

h

3384



12599

NACA RM E56B03a 215

Energy addition:
gJep(Tz - T1) = w(raVg,z - T1Vg,1) = UV » - UrVg,1 (3)

Adiabatic temperature-rise efficiency:

r-1
P
(_2) 10
Py
Nag = T, (4)
— = 1.0
Ty
Diffusion factor:
V! AV!
2 e
D=1-sv+5=v (5)
1 Zon
State:
P = pgRt (6)
Mach number:
M= —— (7)
YgRt

In addition to these are the trigonometric relations equating veloc-
ities and flow angles, and the adiabatic relations equating the static
and stagnation values of pressure and temperature. The adiabatic rela-
tions, as function of Mach number, are presented in tabular form in ref-
erence 9.

Equations (6) and (7) can be handled conveniently by using readily
computed stagnation conditions, instead of static conditions, and using
the tables of reference 9; therefore, no charts are deemed necessary to
determine state conditions and Mach numbers. Charts for the solution of
equations (1) to (5) and the vector relations are presented herein.
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FORMULATION OF CHARTS
Radial Equilibrium

In order to calculate the vector diagrams for an axial-flow turbo-
machine, it is necessary to satisfy the radial-equilibrium condition
given as equation (1). For the purpose of preliminary design analyses
and, in some instances, even for the final design procedure, it is possi-
ble to simplify the equation.

Inasmuch as the equation is usually applied between blade rows, the
plade force term F 1is zero. If the entropy gradient 3s/or 1is assumed
zero and the streamline curvature is assumed small so that the change in
radial velocity in the axial direction BVr/Bz can be neglected, equa-

tion (1) can be written

2
S V6 VedVg V0V,
A T (8)

Equation (8) is the isentropic simplified-radial-equilibrium equation
that is widely used in the design of axial-flow compressors and will be
put in chart form.

Integration of equation (8) petween any radius T and the radius
at which all values are known Ty gives the following:

Ty

2 2 42 2
Vg,i - V6  Vz,1 - V2

v
gl(H; - H) = — or +
r

If the absolute tangential velocity Vg 1is expressed analytically as a

function of radius r, the integral in equation (9) can be evaluated ana-
lytically and the equation solved for any desired variable. However, it
is sometimes impossible or undesirable to use a distribution of tangen-
tial velocity that makes equation (9) convenient to apply.

If it is assumed that Vs/r is linear with respect to r over the

interval ry - T, equation (9) can be written

V& \F
2 _y2 ., - 2 2
2gJep(Ty - T) + Vy - V5,4 = (—r—>i + =1y - 1)+ Vg, - Vg (10)

3384
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With a rearrangement of terms, equation (10) becomes

2gJcy(Ty - T) + VE - VE ; vE\ 1y /[ V5 v
2= =2 |1 - + —= - = (11)
vZ | Ve . T \veg ./ Ti
8,1 6,1 6,1

Equation (11) is presented in graph form in figure 1. In the first quad-
rant, the tangential veloclty ratio VG/Ve,i is plotted against the

right side of equation (11) with the radius ratio r/ri as a parameter.
Then, with Ve,i as a parameter in the second quadrant, the numerator of

the left side of equation (11) appears as the abscissa. Therefore, if
the tangential velocities are known at two radii, use of the first two
quadrants of figure 1 will give a value for

2gJey(Ty - T) + VE - vg,i =B

If the radial interval is sufficiently close for the approximation of
linearity between Vg/r and r, the value of B will be that required
to satisfy isentropic simplified radial equilibrium between radial sta-

tions r; and r. For convenience, let
Zchp(Ti - T) =12,170(T; - T) =C (12)
Then
Vi -VE,i=B-C (13)

The third quadrant of figure 1 is a plot of B - C against v,
with Vz,i as the parameter. The abscissa of quadrants II and III,

then, represents two values, depending on which quadrant is being used.
When used with the second quadrant, its value is B; when used with the
third quadrant, its value is B - C. If the temperature gradient is
known, C can be calculated by the use of equation (12). This value is
subtracted from the value of B, determined by use of the first two quad-
rants of figure 1, and the difference (B - C) is used as the abscissa of
the third quadrant together with the known value of axial velocity Vz,i

to determine the value of axial velocity V, at radius r.

Although the use of figure 1 has been discussed on the basis of
known tangential velocities and temperatures at all radii and solving
for the axial velocities, it is obvious that the chart can also be used
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with other assumptions. For example, the axial velocities and tempera-
tures can be assumed at all radii and the tangential velocity assumed at
one radius. The tangential velocity required to satisfy radial equilib-
rium at all other radii can then be obtained from the chart. In other
words, figure 1 may be used to determine any independent variable of
equation (11).

The accuracy of the method of utilizing figure 1 is limited only by
the assumption of linearity of Vg/r with respect to radius. For wheel-

type rotation, for example, Vg/r is linear with radius; therefore, good
accuracy can be expected regardless of the size of the interval ry - r.
However, with nonlinear radial variations of Vg/r, the accuracy of the

results obtained from figure 1 will depend on the interval used. For
this reason, a small radial interval is recommended.

In order to illustrate the effect of the radial interval on the ac-
curacy of the results of figure 1, axial velocities were read using 3
and 7 radial positions. An arbitrary, nonlinear radial distribution of

Vg/r was assumed. The distribution of tangential velocity is a combi=-

nation of constant, wheel, and vortex rotations. The assumptions and
results are as follows:

T
Vg = 2400 - 900 — - 900 —
I‘t r

Th aT
_IT-E = 0.5; VZ,'t = 450; E_.I'- =0
T | Vg|Calculated | 3-Point chart |7-Point chart
Ty VZ procedure procedure
VZ Percent VZ Percent
error error
1.0i600 450 450 -—- 450 -—-
.9]590 538 -—- --- 536 0.4
.81555 638 --- -—- 636 .3
751525 691 683 1.2 691 0
.71484 744 _—— - 743 1
.61360 846 - -— 844 .2
.51150 921 910 1.2 921 0

3384
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As the table shows, even with the larger radial interval the errors in
axial velocity are only 1.2 percent; however, with the 7-radial-position
procedure, the error is reduced to a maximum of 0.4 percent. It should
be noted that the radial intervals used in the 7-position procedure are
not all equispaced; an extra position was used at r/rt = 0.75. The

error in the region of this smallest interval was 0.1 percent. Thus,
extremely good accuracy can be obtained by the use of the radial-
equilibrium chart, even with nonlinear distributions of Ve/r, if small

radial intervals are used.

Continuity

Another condition that must be satisfied, in addition to the radial-
equilibrium condition, is continuity of flow:

r
t
W = 21Ky I pgVr cos B dr (2)
h

The use of the boundary-layer blockage factor Kbk in compressor design
is discussed in chapter VIII. From the equations of state and Mach number
and the adiabatic relations, the following equations can be obtained:

_ 1
T-1
=L -1 2
and
V=a (al> - ——=ATER (15)
& 1+ %MZ

Substituting equations (14) and (15) into the continuity equation (2)
produces the following expression:

Tt
vk = ZKKbk\}[\ e con B L T (16)
- Z20r-1)
r, VE <1 + L2 M2) v
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Writing equation (16) in terms of equivalent weight flow,
Ty

r
W g Yeg PS], M cos B
<—%¥:>k = 2Ky oy r dr (17)

2>§Tm

y-1

The part of the integrand in brackets is the local value (value at radius
r) of equivalent weight flow per unit annulus area:

<_"13E)' _ Yg Psl M cos B (18)

BAgn v+1
agy (1 » XL 2

Z)ZT-_lT

The first quadrant of figure 2 is a plot of equation (18). The
local value of equivalent flow per unlt annulus area is plotted against
absolute resultant Mach number for constant values of absolute flow
angle. Local values of equivalent flow per unit annulus area can be
determined from figure 2 for all radii at which the vector diagrams have
been determined; then, the continuity value of equation (17) becomes

T

(13@)}( = 21Ky - ’ <M>7, r dr (19)

5 A,

The integral can be evaluated by a graphical or mathematical procedure,
and either the continuity value of equivalent flow, the tip radius, or
the hub radius can be calculated, depending on which conditions are
given.

If the radial gradient of (wq/@/GAan)l is small, sufficient accu-

racy in evaluating the integral can be attained by using either an ar-
ithmetic average or the mean-radius value of local equivalent flow per
unit annulus areas. This, of course, means that the hub and tip diame-
ters must either be known or assumed. The continuity value of the flow
per unit annulus area then becomes

SAan

The annulus aréa of the compressor in terms of the frontal area and hub-
tip radius ratio is given by

3384
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I‘h 2
Agn = Ap |1 - (§> (21)

Combining equations (20) and (21) gives

wa/0 - Kbk(w!fe>
2
BAg [1 - (ff}.)] Shan /1 av
Tt

or

wye

)

Ty

Equation (22) is plotted in the second quadrant of figure 2, with
w4/8/8A,  as the ordinate, wA/6/BAp as the abscissa, and ry/ry  as the

parameter. After determining values of (w1/575Aan)Z at all radii at
which the vector diagrams have been calculated, (wA/8/8A,,),  is computed

from equation (20). Then this value is used in the second quadrant to
find the value of rp/r, for a given value of wa/0/8Ap. If the specif-

ic weight flow W”V%VSAF 1s specified at one axial station (1), the
value at any other axial station (2) is obtained as follows:

=)
Ty
(wafe) _ (wq/@) av (23)
BA. T\ BA 2
¥ /2 F /1 /P r
(P_2_> (t!2>
1/ay rt,l
where (TZ/Tl)av and (PZ/Pl)av are arithmetically averaged values across
the annulus.

If the value of hub-tip radius ratio determined by this procedure is
greatly different from the value assumed for the purpose of averaging the
local values of flow per unit annulus area in equation (20) and the tem-
perature and pressure ratio in equation (23), it will be necessary to
repeat the procedure with a new assumed radius ratio.
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By proper use of figure 2 and equations (20) and (23), the conti-
nuity requirement, with any consistent set of assumptions, can be met.
Use of the charts and equations is shown in a specific example later in
this chapter.

Energy Addition and Efficiency

The energy addition across a rotor blade element is a function of
both the change in tangential velocity and in blade speed across the
blade row. The magnitude of the energy addition is given by Euler's
equation as

gJep(To - Tq) =UpVg o - UyVg 1 (3)
or

Solving equation (24) for the temperature ratio TZ/T across the

1
blade element gives

T oo U1(Vg, 2 - Vg 1) + Vg, 2(Up - U7)

or, by using equivalent velocities,

R oL o L el

1.0 +
Tl chstZ chpTSZ

(25)

where

Vg = Vg,2 - Vg,1

and

AU = Uz - Ul '—‘(D(I‘Z - rl)

The last term on the right side of equation (25) is the contribution to
the temperature ratio of the change in radius across the blade element;
therefore, if the design 1s carried out on cylindrical stream surfaces

(ry = ry), equation (25) can be used in the following form:

3384
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Uy AVg
— = 1.0 + Fo (286)
Ty 8JcyTyy

Equation (26) is plotted in quadrant I of figure 3 with TZ/Tl as a
function of AV9/4/91 for constant values of Ul/4/61.

If there is a change in streamline radius across the blade element,
figure 3 can still be used directly to determine the temperature ratio
because of the change in tangential velocity. The contribution to the
temperature ratio of the change in radius across the blade element can
be obtained elther by calculating the last term of equation (25) or by
obtaining it from the chart, and adding this value to the temperature
ratio previously obtained from the chart result based on Ui/ﬂ/el and

AVe/q/Gl. In order to use the chart for obtaining the last term of equa-
tion (25) the abscissa is considered as AU/q/Gl and the parameter as
Ve’z/q/el. The ordinate will then be the value of the last term of equa-

tion (25) plus 1; therefore, 1 should be subtracted from this velue be-
fore it 1s added to the first two terms of equation (25).

The chart can also be used for any change in radius if either Ve’l
or Ve,z is zero. 1If Ve,l = 0, then U =U, and AVg = Ve’z; and,
if Ve,z =0, then U =7U; and AVg = Ve,l'

The second quadrant of figure 3 gives pressure ratio as a function
of temperature ratio and adisbatic temperature-rise efficiency. The re-
lation is as follows:

S

Pa To -l
-IT’I= Nagd T—l-- 1.0 ]+ 1.0 (27)

In compressor design it may be more desirable to specify a value of rela-
tive pressure-loss coefficlent o instead of a blade-element efficiency.
A discussion of the relative Pressure-loss coefficient and its use in
compressor design can be found in chapters VI and VII. If a relative
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pressure-loss coefficient is used, the adiabatic temperature-rise effi- )
ciency can be obtained from the following expression:

Y-1
- 1.0
1.0 -
T “R 1.0 + =L
_2 1.0 - - 1.0
Ty
2
U
r-1 2
1.0 + —— 1.0 -
( e (aa)l> [:
ad T T
_E - 1.0

(28)

Vector Relations

The constant use of the relations between velocities and angles in
the compressor velocity diagram warrants a chart regardless of the sim-
plicity of application. Construction of the chart can be illustrated by
inspecting the following two relations:

V2 + V5 = V2 (29)
and
Vg = V, tan B (30)

From equation (29) it can be seen that, if V, and Vg are used as rec-

tilinear coordinates, constant values of V will be concentric circles

with Vg =V, = 0 as a center. Using the same coordinates, a plot of

equation (30) would produce a family of straight lines going through the
origin (Ve =V, = 0). The angle between these lines and the vV, axis

would be equal to the value of B.

Such a vector chart is shown in figure 4 with Vy as the abscissa
and Vg as the ordinate. Obviously, relative values of the velocities
and flow angle can also be used in the chart. Further, the coordinates
can represent Mach numbers if the decimal point is changed for the val- .
ues appearing in both axes.

Diffusion Factor

A blade-element-loading criterion for axial-flow compressors is
developed in reference 8. The application of this loading criterion to
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blade elements in cascades and in compressors is presented in chapters
VI and VII. The loading criterion, or diffusion factor, in the form
usually applied is given by the following expressions:
1 T
V2 AVe

-‘f{ +2—U'F (31)

D=1 -

The diffusion factor can be used in two ways 1in compressor design:

(1) With the vector diagrams known, the diffusion factor is computed
and the energy losses across the blade element are estimated from data
such as presented in chapters VI and VII; or (2) a limiting value of
diffusion factor 1s prescribed and the conditions required to satisfy
the assumed diffusion factor for given inlet or outlet conditions are
calculated.

Although equation (31) is in satisfactory form for the first of these
purposes, it is not directly applicable for the second purpose. In order
to put equation (31) in a form that can be used to determine conditions
for a prescribed diffusion factor, 1t can be written in terms of flow an-
gles and axial velocities:

VZ,Z cos Bl VZ,]_ tan Bl - VZ,Z tan Bz
1-D=\g - SV cos By
z,1/\¢o8 Bz Vg1

In the application of this equation, flow angles are always taken rela-
tive to the blade row under consideration.

A rearrangement of terms produces the following expression:

o(r -p) tam By} V, o tan By
[cos B1 + 2 - Vz:l cos B, + 2 (32)

Equation (32) is readily adaptable to chart form. The terms in brackets
on both sides of the equation are identical with By substituted for

Bz and (1 - D) substituted for o; therefore, a single family of
curves can be used to represent each function inside the brackets. The
ratio of the two functions will be equal to the axial velocity ratio
across the blade row. In order to simplify the expression, let

_o(l - D) N tan B3 (33)
T cos B 2
and
tan B
o] 2
T = Cos Bo t T2 (34)
Then,
Vz,2 X
~2as _ A
v Y (35)

N
~
et
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Figure 5 is a plot of X as a function of B; for constant values of
(1 - D). The same family of curves represents Y as a function of B2
for constant values of o¢. Figure 5 and equation (35) can be used for
the solution of equation (32) for any desired parameter. The use of fig-
ure 5 to compute diffusion factor with the velocity diagrams known and to
compute the discharge flow angle for given diffusion factor, inlet con-
ditions, and axial velocity ratio, is shown in the following example.

EXAMPLE

The procedure in using the charts is best illustrated by an example
of the design of an axial-flow-compressor stage. The stage design assump-
tions were made so that they would provide a stringent case for the charts
and also to illustrate as many uses of the charts as possible. The axial
and radial station designations and a typical vector diagram are shown in
figures 6 and 7, respectively. The design assumptions and calculation
procedure are as follows.

Compute the vector diagrams, pressure ratio, temperature ratio, Mach
number, and diffusion factor at five equispaced radial positions and the
passage shape for an axial-flow-compressor stage consisting of rotor and
stator blade row to meet the following specifications:

Agsumed design parameters:

Parameter Design value Parameter Design value
(w4/6/8AF)1 35.0 (1b/sec)/sq ft || dT/dr 12° R/ft
M, 1 0.6 Dy, 1 0.35
Mg 1.2 Dk n <0.6
Ty 1 1.50 ft Dg,h < 0.6
Ty 2 = Ty, 2a l.42 Tt OR,t 1.0
Ty s 1.41 ft 03, ¢ 0.7
(Vy,2/V2, 1)t 1.1 Kk 0.98
(V,,30/V5,20)8 | 10 g 0.02
Vo,1 = Vo,3a 0 T, = Tg; | 518.7° R
g, R 0.92 P, =P, 2116 1b/sq ft

Blade chords constant from hub to tip

ZZOA
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Calculated design parameters:
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BA

Mz,l = 0.6, By =0, and fig. 2

K—Dk<"—’—’5[—‘;>l,1 = (0.98)(41.5)

OA, L

(%ﬁ[§> = 40.8, ¥§£§> = 35.0,
an/k,1 & F /1

L (-)l = (1.5)(0.378)

Mz,l = 0.6 and ref. 9

8,1 <§2>1 = (1116)(0.9658)

(1078)(0.6)

®
=
!

= (1078)(1.2)

- 1 - i
Vz,l = 647, Vt,l = 1294, and fig. 4

1.0 (1.00 - 0.35)

9r,t (1 - Dg,¢) = 0.65, Bf, 1 = 60,
and fig. 5

\ 2.16
X7/<_EL§> = —
VZ,l + 1.1

Parameter Procedure Value
Ap 1 w1 = n(1.5)° 7.069 sq Tt
(ﬂ%§§> (33£§> Ap 1 = (35)(7.069) 247 1b/sec

1 T’

41.6 (1b/sec)/sq ft

40.8 (1b/sec)/sq ft

0.378

0.567 ft
0.9658
1078 ft/sec

647 ft/sec

1294 ft/sec

112¢ ft/sec
600

0.65

2.16

1.96
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Calculated design parameters - concluded:
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Parameter

AT

Procedure Value
Y = 1.96, oy , = 1.0, and fig. 5 46.3°
2
s <Y5L§> = (647)(1.1) 712 ft/sec
2L \V, 1/t
1 - Al —
o t,2 " 712, Bt,z = 46.3, 744 ft/sec
ond fig. 4 1028 ft/sec
U 2y . (1120) 1.42 1060 ft/se
RV 1.50 ¢
- 1 = -
U,z = Y8,¢,2 1060 - 744 316 ft/sec
U AV
2 0
%2 _ 1080, —22% - 3316, 4/6; = 1.0,|1.1061
VoL o1
and fig. 3
Tp
), - 1.1081, Tgq g = 0-92, 1.386
and fig. 3
r Tz
Ty,2 - Tg,1 = Tl[‘ ), 1.0
= 518.7 (1.1061 - 1.0) 55.03° R

3334



Vector-diagram calculation:
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Step| Parameter Known design Procedure Radial position
condition .
Tip b Mean c Hub
1l ry1 = 1.50 1.500 1.267 1.034 0.800 0.567
rh,l = 0.567
2| UL =Vh,; | Ug,y = 1120 (rUt> 1120 946 772 597 423
r‘b,l = 1.50 Ty /q
Vi v 1= 647 VZ 17 Ul’ and fig. 45\ 1294 1144 1006 879 772
o gt s ’ | 60.0 55.6 50.0 42.7 33.1
B1
5 ! = 1078 ! 1.200 1.061 0.933 0.815 0.716
R ().
6 ro TLos = 1l.42 1.420 1.207 0.994 0.780 0.567
>
rh)z=rh,l—0.567
71 AT ATy = 55.03 aT 55.03 52.47 49.92 47.35 44.79
ar ATy - (E) (ry,2 - T2)
=)= 12
81| Ts Ty = 518.7 LT + 1.0 1.1081 1.1012 1.0962 1.0913 1.0864
T Iy
1
9| Ug Uy 2 = 1060 (rUt> 1060 901 742 582 423
rt)z = 1.42 ry 2
10 | avg 6, = 1.0 U Ty 316 355 409 496 645
—= =Vg.2 — T and fig. 3
N ’ NL) 1
1 1
1Py Nga g = 0-92 To 1.386 1.366 1.346 1.326 1.308
-P—l- ’ ;i;z, Nad,R? and fig. 3

BZOH9SH WY VOVN
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Step Parameter Known design Procedure Radial position
ditio
| condriion Tip ) Mean c Eub
12 %;) Example at mean (3;> _ (g@j ------ 0.85 0.82 0.78 0.73
/g SYPEANL
13| (Vg Vg (Vs,h ------ 1.123 1.152 1.213 1.300
7 Example at hub ) =\y
8,1 2 9,1 2 0,c 2
14 | By Vo r I 0.012x108 | 0.021x10% | 0.025x10°% | 0.050x108
s [=\ 5,V , and fig. 1
V . T 6’2;1
8,1/ 2 2
15 |Cy 12,170 (ary - AT) | eeeee- 0.031%x106 | 0.031x106 | 0.021x108 | 0.0z1x106
16 | (y2 . y2 ) B-Cs e -0.019x10% |-0.010x106 |-0.006x10% | 0.019x106
z z,i/2
- 2 - v2 i
17 1V, 2 Vy g,z = 712 (V2 - VZ 1)ps V, 5 45 and fig. 1 712 696 688 683 698
18 |V -V 744 546 333 86 -222
8,2 (U - Vo)
[19 vy V, o» Vg o, and Tig. 4 1028 883 763 689 732
; e ’ 46.3 38.2 25.8 7.0 -17.6
(20 |3 :
(21 Va Vy,2s Vg,z, and fig. 4} 778 780 800 843 949
23.8 27.0 30.6 36.0 42.7
22 |, |
23 | (v a_ . = 1116 V2 0.6629 0.6661 0.6847 0.7231 0.8159
a—' a,l T
a
g 8a,l Tg
1
24 |M, (gﬁ) and rer. 9 0.694 0.698 0.719 0.764 0.876
al2

8¢

og¢e
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Step Parameter Known design Procedure Radial position
condition
Tip b Mean c Hub
25 <w.{e> Mg, Bo, and fig. 2 . 4l.2 40.2 39.3 37.8 35.8
®
Aon 1,2
26 | [w-/8 Kpk = 0.98 Kbk<w 3(9> L 40.4 39.4 38.5 37.0 z5.1
BA, . K,2 BAan/1,2
27 (1@\ ,/wge> (a:/8 ) Tz | 29.6 30.0 30.4 30.8 31.1
BA )2 \3ay /1 \ OBy Tl
rt,l = 1.50 /Pg\ rt 2
rt’z = 1.42 51/ rt N
28 wa/6 e .
[Ty <§C> o, <%’ﬁ£> , and fig. 2 0450
ry A an/k,2,av F /2,av
29 |rog Ty, 2e=Ty,2=L-42 1.420 1.225 1.030 0.834 0.639
30 (gA 0 From plot of /,J, (step 26) against 40.4 39.7 38.7 37.5 35.8
an’x 2a
ro (step 6) read at rZa (step 29)
31 <»;;\e From plot of (»;Xe) (step 27) against 29.6 30.0 30.3 30.7 31.0
T /72a ¥ /2
Ty read at Togn
/.
N PE) ’ (Z; 5 and rig. 2 | 0+460
Ty E’Aan/k,'aa,av Ap Z2a,av
2a
33 |rog Ty 2a = 1+42 1.420 1.228 1.037 0.845 0.653

BZOE9SHE WY VOVN
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Ster | Parameter | Known design Procedure Redial position
condition Tip b Mean c Hub
Using value of Trog from step 33 repeat
steps 30 to 33 until consecutive values
T
of (—E> in step 32 agree
Tt/2a
(34 Tea _ Tsa From plots of =2, L2 v v B4 and W 1.1061 1.1017 1.0973 1.0929 1.0885
LTh " E T B e Vo2 B2 ' ' ' ' '
My against rp read at rp, (final)
P2a
35 7 1.386 1.368 1.350 1.332 1.315
1
36 Ve,za 316 350 397 483 579
37 Vz, 2a 712 697 689 684 6839
38 Béa 46.3 39.2 28.5 13.1 -6.7
\ 39 MZa J 0.694 0.697 0.712 0.744 0.822
40 | Vg Vz,280 Vo,2ar 804 fig. 4 778 780 794 824 , 900
41 BZa 23.8 26.6 30.0 34.0 40.0
°R,t = 1-0 Ty 1+ T 2a
42 cR,av I‘t’l = 1.50 OR,t W 1.00 1.17 1l.41 1.78 2.39
Ty pg = 1.42
. .
43 | Y R,av’ Pggs 804 fig. 5 1.96 1.91 1.89 1.94 2.34
Vz,2a
44 X Vz,l = 647 Y v—-l— 2.16 2.06 2.01 2.05 2.49
2,

Z2Z2QA
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Step| Parameter Known design Procedure Radial position
condition
Tip b Mean c Hub
45, UR’a_v(l-DR) X, By, and fig. 5 0.65 0.76 0.91 1.17 1.80
46 | Dy p (1-D,) 0.35 0.35 0.35 0.34 0.25
1.0 _( R,av DR
L 9R,av
- _ 6 6 6 6
47 | Cxy Ty = 518.7 12,170 7, <?_3_a> ) <T3a> ------ 0.028X10 0.028X10 0.028¢10 0.028X10
1 Ty
48| (y2yZ ) | Vg 54 =0 B-Cz ] e -0.028%x108 | -0.028x108 |-0.028x108 | -0.028x 105
Z '2,i/3 A
. a Bsa - O
2 2 .
49 | Vy 3 = V3g <VZ)3a) 1o (Vz - VZ,1) 307 V2,3a,1, ond Tig. 1 712 691 670 650 629
Vz,Za t
50 (_\_f__) ag,1 = 11186 Vag 0.6067 0.5899 0.5732 0.5572 0.5402
8g
3a a TSa
a,l Ty
51 | Mz, (_\_7_) and ref. 9 0.630 0.612 0.593 0.575 0.557
= )
a/zg
52 (p_) Mo, and ref. 9 0.7248 0.7229 0.7132 0.6925 0.6417
P 2a
55 | Px, wg = 0.02 Pog - Pog 1.578 1.360 1.342 1.324 1.306
P T 1.0 - (Ds 1.0 - P—-
1 1 2a
54 <M@> Pzg =0 Mz, Bz, and fig. 2 42.8 42.0 41.3 40.5 39.7
BAan 1,3

BCOH9SH WY VOVN
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Step | Parameter Known design Procedure Radial position
condition -
Tip b Mean c Hub
55 ( NG Kp = 0.98 X <w a) 41.9 al.2 40.5 39.7 38.9
. dA
Han k,3a an/y,sa
56 ga{e) @ga) . 35 wAG Tz, 30.2 30.6 30.9 31.3 31.6
Fl/z, r /1 BAp ! TJ.
ry 1 = 1.50 L
P fr o
Ty, 3 = 1.41 <_33\,'rt,3a‘l
Py, /
57 r_h <Q@> )(w G) , and fig. 2| 0.484
Tt/ o %A1 /k, 3a,av BAF 3a,av
58 Tzg Ty,3a = 1.41 1.410 1.228 1.048 0.864 0.682
59 I3, av Gs,t = 0.7 o tc‘t’ga + rt,Ba) 0.70 0.81 0.95 1.16 1.48
rt’Za = 1.42 ’ Tog b Tzg
rt,Sa = 1l.41
60 |Y Bz, = O 35,avs Pza, and Tig. 5 0.70 0.81 0.95 1.16 1.48
61 (X Y(Vz’3a> 0.70 0.80 0.92 1.10 1.35
Vz,Za
62 F’s,av(l’DS) X, Bp,s and fig. S 0.44 0.49 0.54 0.63 0.72 -
63 |D 0.37 0.40 0.43 0.46 0.51
s . Ps,avu-ns)
J93,av
64 I P T 0.904 0.902 0.900 0.899 0.896
ad -I;ila—, -T-fﬁ, and fig. 3

¥8ee
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COMPARISON OF CHART AND CALCULATED VALUES

The more important parameters obtained by use of the chart procedures
are summarized in the following table. The analytically calculated values
of the parameters are also given for comparison and an indication of
accuracy:

Parameter Chart procedure Analytical calculation Parameter )
Radial position Radial position
Tip b Mean c Hub Tip b Mean c Hub
Mi 1.200{ 1.061| 0.933| 0.815]| 0.716 1.200| 1.064| ©0.934| 0.817} 0.717 M:'L
B]'_ 60.0| 55.6| 50.0( 42,7 33.1 60.0| 55.7 50.0| 42.7 33.2 B."l
Béa 46.3| 39.2! 28.5| 13.1{ -8.7 46.31 39.8| 29.1| 15.4 -5.1 Béa
Bog 23.8| 26.86 30.0| 34.0| 40.0 24.0f{ 26.6 29.9 3.1 39.7|Bpg
v, 28 712 697 689 684 689 712 697 686 679 6878V
3 Z,28
MZa .694 .697 ,712 . 744 .822 .695 .697 .710 . 740 . 804 MZ&
Dy .35 .35 .35 .34 .25 .35 .35 .35 .33 .25[Dbg
Vz,:’)a 712 691 670 650 629 712 692 671 648 625 Vz,Sa
Mzg -630| .6lz| .593) .575| .557| .630| .612| .594| .574| .553Mg.
DS .37 .40 W43 .46 .51 .38 .39 .42 .45 .51 DS
T\,)a/'l?1 1.1061|1.1017 |1.09731.0929 |1.0885 || 1.1066 [1.1021 |1.0976 |1.0928 11.0882 T:’;a/Tl
PSa/Pl 1.378| 1.360 1.342] 1.324 | 1.306{ 1.380] 1.360| 1.342| 1.324 1.305J Psa/Pl
(ry/re)y = 0.378 (ry/re)y = 0.377
(ry/ry)zg = 0.460 (ry/ri)og = 0.471
(ry/ry)zg = 0.484 (ry/re)zg = 0.495

Comparison of the values in the table indicates that good accuracy can
be obtained with the charts. The largest differences in axial veloc-
ities and resultant Mach numbers were sbout 2 percent, occurring at the
hub of the rotor-discharge station. At all other stations the differ-
ences were less than 0.7 percent. The flow angles agreed within 0.6° at
all stations except the hub and c positions at the rotor discharge, where
the chart values of the relative flow angles varied 1.6° and 2.3%, re-
spectively, from the analytically calculated values. The passage areas
obtained by the chart procedure were within 1.4 percent of the analyti-
cally calculated areas.
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Station 3a
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Stator T "3a

~ Cza

Figure 6. - Cross section of typical stage showing axial and radial stations.
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Flgure 7. - Vector diagram for typical stage. Bl =B = 0.
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CHAPTER X
PREDICTION OF OFF-DESIGN PERFORMANCE OF MULTISTAGE COMPRESSORS

By William H. Robbins and James ¥, Dugan, Jr.

SUMMARY

Three techniques are presented for estimating compressor off-design
performance. The first method, which 1s based on blade-element theory,
is useful for obtaining only a small part of the compressor map over
which all blade elements in the compressor operate unstalled. The second
method, which involves individual stage performance curves and a stage-
by-stage calculation, is useful for estimating the performance of a com~
pressor for which relisble stage performance curves are available. The
third method, which is based on over-all performance data of existing
compressors, may be used to estimate the complete performance map of a
new compressor if the compressor design conditions are specified.

INTRODUCTION

The availability of good analytical techniques for predicting per-
formance maps of designed compressors reduces costly and time-consuming
testing and development and in addition aids in selecting the best com-
pressor for a given application. Specific information that is required
to achieve these goals is the relation between the stall-limit line and
the operating line and the variation of efficiency and pressure ratio
along the operating line. Therefore, one of the goals of compressor re-
search is to obtain reliable performance prediction methods. This prob-
lem, which can be considered as an analysis of off-desigd compressor per-

formance, is one of the most difficult tasks facing the compressor designer.

Off-design performance is defined as the performance of the compres-~
sor at flow conditions and speeds other than those for which the compres-
sor was specifically designed. The off-design analysis differs from the
design case in that the compressor geometry is given and the object is
to find the compressor-outlet conditions for a range of speeds and weight
flows. It is sometimes referred to as the "direct compressor problem,"
whereas the original design is called the "inverse" or "design problem."
The design problem is discussed in detail in chapter VIII.
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Prediction of off-design performance is considered in this chapter.
A typical compressor performance map is shown in figure 1 with the design
point and the stall-limit or surge line indicated. The regions of the
performance map that are discussed herein are those to the right of the
stall-limit line along lines of constant speed; in other words, the com-
plete compressor map. Three techniques for predicting off-design per-
formance are presented.

In the first method, compressor performence is cbtalned by first ra-
dially integrating compressor blade-element data to obtain blade-row per-
formance. The performance of successive blade rows 1is determined by uti-
lizing the computed outlet conditions of one blade row as the inlet
conditions to the following blade row until complete compressor perform-
ance is obtalned. This type of solution for compressor off-design per-
formance, of course, requires a rather complete knowledge of compressor
blade-element flow, radial integration techniques, boundary-layer growth,
blade-row interactions, and the radial mixing process. Some of this in-
formation is currently avallable; although it is limited in many cases,
the amount 1s steadily increasing. For example, the axlal-flow-compressor
blade-element theory and correlation results are given in chapters VI and
VII for cascades and single-stage compressors. By utilizing this type of
data, the performance of a compressor blade element can be determined.
Furthermore, the results of chapter VIII provide a means for radial stack-
ing of blade elements to estimate blade-row performance and axial stackling
of blade rows to determine design-point performance, provided adequate
blade-element performance data are available. This information can be
applied to the off-design problem and is discussed in detail herein.

The second method is somewhat more simplified than the first, in that
the average performance of each stage is obtained and the stages are axi-
ally stacked to acquire the compressor map. Therefore, neither blade-
element data nor radial integration is necessary to obtain a performence
map by this method. The success or failure of the technique depends upon
the accuracy of the individual stage performance curves used for the com-
putation of over-all performance. This method is used in the analyses of
multistage-compressor performance in references 1 to 6 and in chapter

XIII (ref. 7).

The final method of predicting multistage-compressor performance that
is discussed in this chapter is based on data obtained from over-all per-
formance maps of previously deslgned compressors. It is considerably more
simplified than the first two methods, because there are no integration
procedures or stage-stacking techniques involved in the computation of
performance maps. This method was first proposed in reference 8 and was
subsequently used in the analysis of two-spool compressor performance in
reference 9. In the present chapter, data from several multistage com-
pressors are correlated, so that it is possible to obtain a complete per-
formance map from known compressor design conditions by means of a few
simple and short numerical calculations.
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Essentially, the purpose of this chapter is to review the methods
currently available for predicting multistage-compressor performance.
Although the techniques apply primarily to fixed-geometry compressors,
they may be adapted to study operation with variable geometry and bleed.
The advantages, disadvantages, limitations, and applicability of each
method are discussed.

SYMBOLS

The following symbols are used in this chapter:

A area, sq ft

a speed of sound, ft/sec

cy specific heat at constant pressure, Btu/(1b)(°R)
acceleration due to gravity, 32.17 ft/sec?

H total or stagnation enthalpy, Btu/lb

J mechanical equivalent of heat, 778.2 ft-1b/Btu

Kpx  weight-flow blockage factor

M Mach number

N rotational speed, rpm

P total or stagnation pressure, lb/sq ft
R gas constant, 53.35 ft-1b/(1b)(°R)
T radius, ft

S entropy, Btu/(1b)(°R)

T total or stagnation temperature, °R
t static or stream temperature, °R

U rotor speed, ft/sec

' air velocity, ft/sec

w welight flow, lb/sec

-1
Pz\ T
Y §I - 1

Z coordinate along axis, ft
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B air angle, angle between alr velocity and axial direction, deg
Y ratio of specific heats )
ratio of total pressure to NACA standard sea-level pressure of

2116 1b/sq ft
o* boundary-layer displacement thickness
ul efficiency g
] ratio of total temperature to NACA standard sea-level temperature

of 518.7° R
P density, lb-sec?/frtt
(i) flow coefficient
¥ pressure coefficlent
Subscripts:
a stagnation conditions
ac -actual conditions
ad adiabatic
an annulus
b backbone
d design ’
h hub
i reference position, radial station where variables are known
id ideal
in compressor inlet
m mean
out compressor outlet
T radial direction
ref reference
s stall 1imit :

sl

NACA standard sea-level conditions
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t tip

Z axial direction

e tangential direction

g’é’ station numbers (fig. 2)
J

Superscript:

' denotes conditions relative to rotor blade row

METHODS OF PREDICTING OFF-DESIGN PERFORMANCE
Blade-Element Method

Blade-element theory is used extensively in the compressor design
technique (ch. VIII). Compressor blades are evolved by a radial stacking
of a series of blade sections or blade elements to form the complete
blade. The theory proposes, therefore, that the blade-row characteris-
tics can be determined if the performance of each blade element is known
and that over-all compressor performance can then be cobtained by an in-
tegration of the performance of each blade row. In this section, blade-
element theory is applied to solve the off-design problem.

Basically, the solution for the off-design compressor performance
proceeds as follows: From specified inlet conditions and blade geometry,
the outlet conditions are computed from a knowledge of the flow about
blade elements and with the conditions that continuity and radial equi-
librium must be satisfied. Allowances must be made for boundary-layer
growth, blade-row interaction effects, and radial mixing of blade wakes.
The approach i1s admittedly an idealized one at present, since much of
the information (blade-element losses at off-design operating conditions,
boundary-layer growth, interactions, and radial mixing of blade wakes)
required to carry out this calculation is not currently available. The
general method is presented, because it has the greatest potentiality for
providing a picture of the internal-flow mechanism through a compressor
at off-design operating conditions. A method for computing the perform-
ance of a complete compressor stage (inlet guide vanes, rotors, and
stators) is outlined; recourse is made to the equations and techniques
for radial stacking of blade elements presented in chapter VIII. The per-
formance of successive stages can be determined by utilizing the computed
outlet conditions of one stage as the inlet conditions to the following
stage.
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Performance of inlet guide vanes. - Guide vanes are utilized to es-
tablish a specified prerotation at the design condition (ch. VIII). For
the off-design problem, it is necessary to determine the effect of changes
in weight flow and speed on guide-vane performance.

Experimental evidence indicates that the effect of varlations of
inlet Mach number and secondary flows (caused by variations in weight
flow) on guide-vane turning angle is very small over the range of inlet
Mach numbers usually encountered in axial-flow-compressor guide vanes
(0.3 to 0.5). Also, changes in rotor speed have very little effect on
turning angle. Therefore, for the purpose of this analysis it can be
assumed that, for fixed-geometry guide vanes, the gulde-vane-outlet angle
remains constant (the design value) for all values of speed and weight
flow if the subsequent rotor is operating unstalled.

With the guide-vane-outlet angle fixed, the outlet velocity distri-
bution may be computed. The radial variation of axial and tangential
velocity leaving an annular row of blades for steady axially symmetric
flow, neglecting terms involving viscosity, is expressed in chapter VIII
as follows:

2
3g 3s oVg ov, Vg ov
Jg§F=Jgt5?+V91?+VZ'Fi+T'VZ’5§ (1)

For flow across inlet guide vanes, the total enthalpy is constant and
entropy variations along the radial height can be considered negligible
in most cases, making OH/Or = 0 and t g% = 0, In addition, experi-
mental data for guide vanes with small wall taper and relatively low-
aspect-ratio blading indicate that the effect of radial accelerations
and the radial velocity component can be neglected with little error.
Therefore, when equation (l) is integrated with respect to r, the fol-
lowing equation results:

2
( v, \ B ( coS B) exp | - sin“Bq ar (2)
1 r

Vz,i}l ~ \cos Bj . T

Equation (2) can be utilized to express the axial velocity in terms
of outlet angle and radial position for zero radial gradients of enthalpy
and entropy and no radial velocity component. (Subscripts 0, 1, 2, and 3
denote axial stations and are indicated in figure 2 on a schematic dia-
gram of a compressor stage. A typical velocity diagram 1s shown in fig-
ure 3.) In order to solve for values of axial velocity at all radial
positions, a value of reference axial velocity must be assumed.

The assumption of the reference axial velocity can be checked by
means of the continuity equation, since the condition that the inlet
welght flow equals the outlet weight flow must be satisfied. The con-
tinuity equation can be expressed as follows:
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T r, -5
t 0 t
1 f1
WO= Wl = Kbk2ﬂpa,og ‘5"'— Vz,l r dr = Zﬂpa Og o Vz,l r dr
a, * a,0
r rh+8
(3)
where
1
y-1

2
L, -l ( Vi )]
Pa,0 2 \&a,0

for the case of inlet guide vanes.

From equations (2) and (3) an iteration solution is necessary to
solve for the correct axial velocity to satisfy weight flow. The area
blockage caused by boundary-layer growth is taken into account by the
limits of integration of equation (3), so that values of (rp+5%) and
(ry-5%) correspond to the effective passage area rather than to the geo-
metric area, or by the use of the blockage factor Kpx described in

chapter VIII. Experimental results indicate that the ratio of effective
area to actual passage area is approximately 0.98 at station 1. Equa-
tions (1) to (3) do not consider guide-vane losses. Since little data
are available for estimating gulde-vane losses, it is difficult to ob-
taln a complete loss picture. However, if at all possible, it is de-
sirable that a reasonable estimate of the losses be made. In some cases
a guide-vane over-all efficiency is assumed. OSome information that may
be helpful in estimating losses 1s presented in reference 10.

Rotor and stator analysis. - With the guide-vane-outlet (rotor-inlet)
conditions fixed, the rotor-outlet calculations can proceed. The pro-
cedure for determining the performance of the rotor is more complicated
than that for the guide vanes, and the following information must be
provided:

(1) Blade camber

(2) Blade angle } determined from blade geometry

(3) Solidity

(4) Relative inlet-alr angle

(5) Relative inlet Mach number} determined from inlet conditions
(6) Rotor speed

With this information available, blade-element results similar to those
in chapters VI and VII are required to determine the turning angle and
therefore the variatlon of rotor-outlet alr angle.
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In order to obtain an approximate velocity distribution at the rotor
exit, zero losses are assumed between stations 1 and 2 and simple radial
equilibrium with no radial entropy gradlent is assumed at station 2. The
simple-radial-equilibrium equatlon can be expressed as follows:

VE o -VE oy = [(U -V, ten B')8 5 - (U - v, tan ijg] +

1
(U-V, tan B')Z
23gep (Tp - 'I‘z,i) + 2 . ar  (4)

T

where

chp’l‘2 = chpTl - Ulve,l + UZ(U - V, tan B')o

As in the case of the inlet guide vanes, the variation of outlet axial
velocity V, can be determined by assuming a reference value of outlet

axial velocity Vz,i' The assumption of Vz,i can be verified by means
of the continuity equation (eq. (3)), where

pz JngTl +U2V9}2 - UlVG,l - T

5
chpTl ( )

/

for the rotor blade row with no losses. The simultaneocus solutions of
equations (3) and (4) for the rotor require a double iteration for axial
velocity. Solutions of equations of this type are readily adaptable to
high-speed electronic computing equipment.

The solution of equations (3) and (4) provides only a first approx-
imation to the rotor-outlet velocity distribution, because no allowance
for losses is included in the calculation. One way of refining this
calculation to account for losses is by the use of the equilibrium equa-
tion with the entropy-gradient term included. The equilibrium equation
with entropy gradient is given in chapter VIII and can be expressed as
follows:
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vg,z -VE oy = [(U -V, tan B-)g,i - (U - v, tan B')%] +

i(U-VZ tan B')5 ! ﬂdr

- dr + 2JgR t =7
r r

2Jgep(Tp - Tp 5) + 2
(6)

A detailed discussion of the solution of equations (6) and (3) for the
design case is presented 1n chapter VIII. A solution of these equations
to satisfy the off-design problem 1s similar and requires detailed knowl-
edge of boundary-layer growth and blade-element losses over the complete
range of operating conditions. Although complete loss information is not
readily available at the present time, the relations between the diffusion
factor and blade-element losses (chs. VI and VII) might be used for op-
erating points in the vicinity of the design point. If a solution of
these equations 1s obtained, mass-averaged values of rotor over-all
pressure ratio and efficiency can be calculated.

The blade~element calculations for the stator blade performance are
similar to those for the rotor. Values of outlet axial velocity can be
determined by an iteration solution of equation (6) where the subscript
1 becomes 2, the subscript 2 becomes 3, and the term (U - V, tan B') be-

comes (V, tan B). Continuing this iteration process blade row by blade
z

row through the compressor will ultlmately provide the compressor-outlet
conditions.

Remarks on blade-element method. - Unfortunately, at present the
complete blade-element-flow picture is unknown. In the region near the
compressor design point, adequate blade-element data are available for
entrance stages. However, the variations of loss and turning angle have
not been established as compressor stall 1s spproached. In addition,
boundary-layer theory does not as yet provide a means of calculating the
boundary-layer growth through a multistage compressor, and there are no
unsteady-flow results, blade-row interaction effects, nor data concern-
ing raedial mixing of blade wakes that can be applied directly to compres-
sor design.

The preceding analysis reveals the gaps in our knowledge (particu-
larly off-design blade-element data) that must be bridged by future re-
search programs. In view of the length of the preceding calculation, it
probably 1s not Jjustified at present unless a good estimste can be made
of the blade-element flow at off-design operating conditions. As stated
préviously, the method is presented because 1t has the greatest potenti-
ality for providing a complete picture of the internal-flow mechanism



254 NACA RM E56B03a

through a compressor at off-design operating conditions. Of course, one
obvious way of simplifying the calculation would be to carry it out at
only one radius of the compressor. This procedure would not be exact;
however, a qualitative picture could be obtained of the cowpressor oper-
ating characteristics.

Stage-Stacking Method

Over-all compressor performance for a range of speeds and weight
flows may be estimated by a stage-stacking method. The performance of
each stage of the multistage compressor is obtained and presented so that
its performance is a function only of its inlet equivalent weight flow
and wheel speed. For assigned values of couwpressor weight flow and speed,
the first-stage performance yields the inlet equivalent flow and wheel
speed to the second stage. A stage-by-stage calculation through the cou-
pressor gives the individual stage pressure and temperature ratios, 80O
that over-all compressor pressure ratio and efficiency can be calculated
for the assigned values of cowpressor weight flow and wheel speed.

Stage performance. - Single-stage performance tests are convenient-
ly made at constant speed, so that performance is very often presented
as plots of pressure ratio and adiabatic efficiency against equivalent
weight flow for constant values of equivalent speed. Such plots, how-
ever, are not convenient to use in applying the stage-stacking method,
and stage performance for this use is presented as plots of efficlency
and pressure coefficient against a flow coefficient. These dlmensionless
quantities are defined by the following equations:

AHig
T\ad = AHB.C (7)
Zhd JgepTs1Y
2 gepTlsl
v = === (8)

Elc)

o =), (9)

Representative single-stage performance curves are shown in figure
4, These curves may vary in the multistage envircnment (ch. XIII (ref.
7)); however, for undistorted inlet flow, stage performance generallzes
quite well for a considerable range of Reynolds and Mach numbers. The
stage characteristics at different speeds may be presented as a single
line (fig. 4) for relative stage-inlet Mach numbers up to approximately
0.75. An exception is made for stage operation at low angles of attack.
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Even for relatively low values of relative stage-inlet Mach number, the
flow coefficient denoting a choked condition changes with wheel speed,
so that a family of curves is required in the high-flow-coefficient
range. Stage performance for relative stage-inlet Mach numbers higher
than about 0.75 may be presented as a family of curves for the different
wheel speeds. GStage performance is influenced by flow distortion at its
inlet, but very little quantitative information is available.

Sources of stage performance. - The stage performance curves needed
for the stage-stacking wethod may be obtained from single-stage and multi-
stage testing or from theoretical calculations. The chief shortcoming of
the single-stage test data available to date is the lack of information
concerning radial maldistribution of flow and unsteady flow. Such in-
formation is needed to estimate over-all compressor performance by the
stage-stacking method; for example, at low wheel speeds, the inlet stage
of a multistage compressor operates stalled so that the inlet flow to the
second stage often is far from uniform.

Stage performance obtained from interstage data on multistage com-
pressors (see refs. 4, 11, and 12) includes specific amounts of radial
maldistribution of flow; for example, the stalled portions of the second-
stage curves are obtained for inlet flow affected by stall in the first
stage.

The difficulty in estimating stage performance from theoretical cal-
culations is concerned with the fact that the flow in a compressor is
three-dimensional, while the basic data normally used are based on two-
dimensional flow. Euploying blade-element theory to obtain stage per-
formance involves all the difficulties discussed in the section entitled
Blade-Element Method. As before, the calculation breaks down when a
blade element stalls. A theoretical method of estimating stage perform-
ance along the mean line is presented in reference 8. Conditions at
the mean diameter are taken as representative for the stage. For stages
having hub-tip radius ratios lower than 0.6, reference 8 indicates that
some form of integration of the individual blade-element characteristics
(possibly by means of the blade-element method) along the blade height
should be attempted. An example of stage performance calculated from
mean diameter conditions is presented in appendix I of reference 8.

Stacking procedure. - In order to estimate the performance of a
multistage axial-flow compressor with a stacking procedure, the following
must be known:

(1) Stage performance curves of each stage
(2) Annulus area at inlet to each stage
(3) Mean radius at inlet to each stage

(4) Design value of absolute flow angle at inlet to each stage
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The over-all compressor performance can be calculated for assigned val-
ues of couwpressor-inlet equivalent weight flow W’Vel/ﬁl and rotative

speed Um’l/'VG . The value of flow coefficient into the first stage 1is

found from

._eJ_.
Vo (10)

where the value of Vz,l/’Vel is read from curves representing the fol-

lowing equation:

1

vye _ Yz i | (V—z)z - | ) (11)

SAgn ] Vo ZJngTsZ COSZE‘

The area term A,, in equation (11) is commonly taken as the geometri-

cal annulus area. However, experience has shown that more realistic val-
ges of axial velocity are obtained from equation (11) if effective annu-
lus area is used. 1In order to determine effective annulus area, the
boundary-layer growth through the compressor must be known {(ch. VIII).
Again, information concerning the growth and behavior of the boundary
layer in an axial-flow compressor is required for the off-design case.

The first-stage performance curves yield values of ¥y and 1y

that permit calculation of the first-stage pressure ratio and temperature
ratio from the following equations:

v (U 1)2 Y-1
P
3_ |, O/ (12)

2 | ———= (13)
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The values of equivalent flow and speed at the inlet to the second stage
are calculated from

T3

w/\/OS _ W 61 Ty (14)
%3 1 P3
Py

Un,3 Up,1 ™m,3 1 (15)

1/9—5- - 1/9—1 Tm,1 Tz

Y

The values of equivalent weight flow and equivalent wheel speed at the
second-stage inlet determine the value of the flow coefficient %z, so

that the second-stage pressure and tewmperature ratios may be calculated
from the values of V¥z and Nz The stage-by-stage calculation is con-

tinued throughout the compressor, and over-all pressure ratio and effi-
ciency are calculated from the compressor-inlet and -outlet pressures
and temperatures. Thus, for any wheel speed, the over-all compressor
pressure ratio and efficiency can be calculated for each assigned value
of compressor weight flow.

In calculating a coumpressor performance map, some means must be
employed for estimating the surge line, which influences starting, ac-
celeration, and control problems. One scheme is to draw the surge line
through the peak-pressure-ratio points of the over-all performance map.
If the stage performance curves exhibit discontinuities, surge at any
compressor speed may be taken to correspond to flow conditions for which
a discontinuity is encountered in the performance curve of any stage.

Remarks on stage-stacking method. - The stage-stacking method may
be used as a research tool to investigate compressor off-design prob-
lems or to estimate the performance of an untested compressor. In ref-
erence 3, the stage-stacking methcd was employed to indicate qualitative-
ly the operation of each stage in a high-pressure-ratio multistage com-
pressor over a full range of operating flows and speeds, the effect of
stage performance on off-design performance, the effect of designing for
different stage-matching points, and the effect on over-all performance
of loading exit stages and unloading inlet stages by resetting stator
blade angles. The part-speed operation for high-pressure-ratio multi-
stage axial-flow compressors is analyzed in chapter XIII (ref. 7) with
regard to the surge-line dip and the multiple performance curves that
exist in the intermediate-speed range. In both these references,
stage performance curves were assumed,
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The difficulty in estimating the performance of an actual compres-
sor lies in obtaining reliable stage performance curves. Use of stage
curves obtained from a given multistage compressor results in good per-
formance estimation of a compressor having slmilar stages and only a
slightly different over-all design pressure ratio. This is illustrated
in reference 5, where the performance of a modified compressor 1s pre-
dicted from the stage curves of the original version of the compressor.
The results of this performance-map prediction by the stage-stacking
method are illustrated in figure 5. Calculated and measured values
agreed particularly well at the higher compressor speeds.

This method is also useful for determining the effects of interstage
bleed and variable geometry on compressor performance. In the interstage
bleed calculation, the flow coefficient ¢ can be adjusted for the amount
of air bled from the compressor. The effect of variable geometry can be
accounted for in the calculation procedure if the variation of the stage
curves is known as the compressor geometry is varied.

Simplified Method

A drawback common to the blade-element and stage-stacking methods of
estimating over-all compressor performance is the length of time required
for the calculations., A simplified method requiring much less calculating
time is discussed herein., This method provides a means of obtaining the
performance wmap of a new compressor from the results of previously de-
signed compressors. Correlation curves are provided to facilitate the
calculation.

Background information. - In reference 8 a method for predicting
multistage-compressor performance is outlined. Tt was used to estimate
the performance map of a newly designed compressor having blading similar
to an existing compressor but slightly different design values of weight
flow, pressure ratio, wheel speed, and number of stages. The applica-
tion of this method to new compressor designs is, of course, restricted
to cases where a compressor map of a similar existing compressor is
available.

In this report, an attempt is made to extend the method presented in
reference 8 to a more general case. Therefore, experimental data on
elght multistage compressors were collected, correlated, and plotted in
curve form, so that multistage-compressor performance maps of new com-
pressors could be obtained easlly from a knowledge of the design condi-
tions alone. The method presented hereln is similar to that used in ref-
erence 9 to obtaln multistage performance maps. There are three phases
of the calculation procedure. First, points of maximum efficiency at
each speed are calculated. The line of maximum efficiency is called the
backbone of the compressor map, and values along this line are termed
backbone values. Second, the stall-limit line is determined, and values
along the stall-limit line are referred to as stall-limit values or
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stall-limit points. Finally, points along lines of constant speed are
calculated from the stall limit to maximum flow. The integration of
these phases results in a complete compressor performance map.

Calculation of compressor backbone. - Experimental over-all perform-
ance maps (similar to fig. 1) of eight compressors (listed in table I)
were obtained. For the condition of maximum adiabatic efficiency at each
speed, values of pressure ratio, weight flow, and efficiency were tabu-
lated. From these backbone values, the reference-point values of speed,
Pressure ratio, weight flow, and adiabatic efficiency were found. The
reference point of a compressor map, which is not necessarily the design
point, 1s defined as the point of maximum polytropic efficiency of the
compressor backbone.

The effect of reference-point pressure ratio on backbone character-
istics is shown in figure 6, where each backbone value is plotted as a
percentage of its reference-point value. In figure 6(a), values of back-
bone pressure ratio are plotted against reference pressure ratio with
equivalent rotor speed as a parameter. Similar plots of backbone weight
flow and adiabatic efficiency are shown in figures 6(b) and (e),
respectively.

The backbone of a new couwpressor may be calculated from figure 6 and
known reference-point values of pressure ratio, weight flow, adiabatic
efficlency, and rotor speed. For the reference pressure ratio, the back-
bone values of pressure ratio, weight flow, and efficiency at various
speeds are read from figure 6. Absolute backbone values are obtained by
uultiplying the values read from figure 6 by appropriate reference-point
values.

Calculation of stall-limit line. - The effect of reference pressure
ratio on stall-limit or surge-line characteristics is shown in figure 7,
in which stall-limit pressure ratio is plotted against reference pressure
ratio with stall-limit weight flow as & parameter. The values of stall-
1imit weight flow and pressure ratio are plotted as percent of the ref-
erence values. The stall-limit line of a new compressor may be calcu-
lated by multiplylng the stall-limit values of pressure ratio and weight
flow read from figure 7 for the known reference pressure ratio by their
respective reference values. Stall-limit lines estimated in this manner
are single-valued; whereas, the stall-limit lines of some actual com-
pressors are multivalued (ch. XIII (ref. 7)).

Constant-speed characteristics. - The constant-speed characteristics
of an existing compressor may be obtalned from its performance map. For
several points along each speed line, values of temperature rise
(Tout - Tyn)/67, adisbatic efficiency Ngg, 8nd flow parsmeter

(Win ¥0:0/850) (4/Tout/rrm/ 4/P0ut/Pin> are calculated and divided by

their respective backbone values to yield relative values of temperature
rise, efficlency, and flow parameter. Values from the entire compressor
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map tend to give a single curve of relative temperature rise against
relative flow parameter and a single curve of relative efficiency against
relative flow parameter. These two curves define the constant-speed
characteristics of a compressor. Plots of this type are illustrated in
figure 8. The data points represent seven different compressor speeds,
and in general the correlation of data at all speeds is relatively good.

In figure 9 faired curves are plotted representing the constant-
speed characteristics of four compressors designed according to the basic
principles outlined in chapter VIII. When specific data are lacking on
the constant-speed characteristics of a newly designed compressor, an
average of the curves of figure 9 could propably be used successfully
for the compressor constant-speed characteristics, if the design system
is similar to that presented in chapter VIII.

The lines of constant speed for a desired compressor performance map
may be calculated from a given set of constant-speed characteristic
curves and the calculated backbone values. For each speed, relative
values of flow parameter are assigned and relative values of temperature
rise and efficiency are read from the constant-speed curves. Absolute
values are calculated from these relative values and the appropriate
packbone values. In the use of these curves, one end is limited by the
stall-limit line and the other end by the maximum-weight-flow value.
Compressor pressure ratio is calculated from the values of temperature
rise and efficiency, and compressor weight flow is calculated from values
of temperature ratio, pressure ratio, and flow parameter.

Comments on reference point. - As stated previously, the reference
point is defined as the point of maximum polytropic efficiency of the
compressor map. Experimental data indicate that the reference point is
usually found at values of compressor speed somewhat below the actual
design speed. Unfortunately, attempts to obtain an exact relation be-
tween the actual compressor design point and the reference point were
unsuccessful. In the case of the four NACA compressors that utilized
the design principles of chapter VIII, the reference speed varied from
90 to 100 percent of the actual design speed. This fact may be helpful
in establishing the relation of these two points.

The following procedure may be used to compute reference conditions
from design conditions for a particular ratio of design speed to refer-

ence speed (N/A/8)4/(N/ 4/ 0) per:

(1) A trial value of reference pressure ratio 1s selected
(Pout/Pin)ref‘

AR EC
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(2) A value of backbone total-pressure ratio €

26l

(Pout/Pin)b

100
out/Pin)ref

is read from figure 6(a) for the values of (Pyu/Pip)rer and

(¥/ A/6) 4

(N/W/E)ref

100.

(3) A value of

(Pout/Pin)rer 1s calculated from

k5
<Pou£> _ Pin /a (16)
P ref Pout

(Pin b

Pout>
Pin ref

in

If this calculated value does not equal the trial value from step (1),
steps (1) to (3) are repeated until the two values do agree.

values of (

o

P
P

(W’\/§/5)b

(4) A value of 100 is read from figure 6(b) for the
(wzis/ﬁ)ref

P

Pin

out> and (N/ ﬁ)d
ref

W/ Wy

(5) The value of (wA/6/8),op is calculated from

()
s}
(H.%@) —— (17)
ref 1% e
S /b
(wgf@j
5 Jref
Tad,b
(6) A value of ——2"— 100 is read from figure 6(c) for the values
ad,ref
(N/A/6) 4

out> and
in /ref

(N/“/é)ref

100.
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(7) The value of Tad,ref 18 calculated from

Y
ad,d (18)

T]za.dzb

Nad,ref

Nad,ref ~

Remarks on simpllified method. - How closely the performance map
calculated by the simplified method will conform with the actual per-
formance map depends on each phase of the calculation. The agreement
depends on (1) how well the available compressor performance maps gen-
eralize to backbone, stall-limit, and constant-speed curves, (2) how
closely design conditions are realized in the new compressor, and (3)
how accurately reference-point conditions are calculated from design
conditions. The performance maps of the limited number of compressors
designed along the lines suggested in this volume have had some affin-
ity in shape. As previously noted, however, double-valued stall lines
cannot be anticlpated by this method.

CONCLUDING REMARKS

Three techniques have been presented for estimating compressor off-
design performance. The first method, which is based on blade-element
theory, is useful for obtaining only a small part of the compressor map
over which =211 blade elements in the compressor remain unstalled. This
technique 1s restricted at present because of the l1imited amount of
available information concerning off-design blade-element data, boundary-
layer growth, blade-row interaction effects, and radial mixing of blade
wakes. This method has the greatest potential for providing a complete
picture of the internal-flow mechanism through a compressor.

The second method, which involves individual stage performance
curves and a stage-by-stage calculation, is useful for estimating the
performance of a compressor for which reliable stage performance curves
are available. In addition, this method has been used effectively as a
research tool to determine the effects of interstage bleed and variable
geometry on compressor performance.

The third method, which is based on over-all performance data of
existing compressors, may be used to estimate the complete performance
map of a new compressor if the compressor design conditions are speci-
fied. At present, 1t is as effective as the other methods and has the
advantages of simplicity and short calculating time.
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TABLE I. - EXPERIMENTAIL COMPRESSOR DATA
Compressor Inlet Reference Stages Outer Inlet Refer-
guide pressure diam- hub - ence
vanes ratio eter, tip
in. ratio
1l. Subsonic Yes 2.08 6 15.75 0.575 -
2. Subsonic Yes 3.00 10 19 0.5 -
3. Subsonic Yes 3.48 12 Vari- 0.6 -
able
4, Transonic No 4,02 5 20 0.50 13
5. Subsonic Yes 5.53 10 20 0.55 14
6. Transonic No 7.35 8 20 0.48 15
7. Subsonic Yes 9.20 16 33.5 0.55 4
8. Transonic No 10.26 8 Vari- 0.46 6
able
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